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ABSTRACT 


This  report  covers  work  (a)  on  the  low  temperature 
(“60°C • ,  -3CTC.,  and  0°C.)  stability  in  pyrex  glaoa  of 
90-100#  hydrogen  peroxide,  (b)  on  the  effect  of  container 
surfaces  on  the  stability  of  such  peroxide  in  tho  50-70°C. 
temperature  range,  and  (c)  on  the  mechanism  of  hydrogen 
peroxide  decomposition. 

Carefully  purified,  or  commercially  stabilized, 
9C-100#  hydrogen  peroxide  in  Pyrex  glass  at  -60°C.  to 
0°C.  la  stable  and  storable,  with  Isob  than  1  ppm  per 
day  (0.04#  per  year)  decomposition.  At  higher  tempera¬ 
tures  (b0-70°C.)i  mildly  irradiated  "Teflon"  FEP  fluoro¬ 
carbon  as  a  container  aurfuoe  is  exceedingly  inert  to 
high  strength  hydrogon  peroxide,  oauslng  less  than 
one-third  the  peroxide  decomposition  of  a  passivated 
aluminum  surface,  and  less  than  one-half  that  of 
passivated  Pyrex  glass.  Studies  of  the  sites  of  attack 
of  hydrogen  peroxide  on  aluminum  surfaces  are  described, 
together  with  methods  of  following  the  meohaniem  of 
decomposition  of  hydrogen  peroxide  oatalyzod  by  metailio 
ions  (both  oxidizing  and  reducing)  and  radiation.  This 
latter  work  may  suggest  superior  stabilization  systems 
for  hydrogen  peroxide. 
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INTRODUCTION 

This  report  summarizes  the  work  performed  by  the  Electrochemlcala 
Department  of  E.  I.  du  Pont  de  Nemours  and  Company  under  Contraot  No^ 
A?  0^ (6ll ) -10216,  "Research  oh  ho  Suability  ui  High  aurengtn  ti2°2  • 
The  requirements  of  this  contract  are  atated  as  follows t 

1.  The  Contractor  shall  conduct  a  research  program  consist¬ 
ing  of  the  following  phases: 

a.  Determine  the  inherent  oulk  stability  of  pure 
90  to  100#  hydrogen  peroxide  at  temperatures 
ranging  from  -60°F.  to  +160®F.  in  the  absence 
of  catalyzing  aurfaoes  oy  using  solid  hydrogen 
peroxide  as  the  wall. 

b.  Determine  the  effect  of  wall  surfaces  on  the 
bulk  stability  as  secured  above  by  elsotron  apin 
resonance  and  Infrared  attenuated  total  refleotod 
techniques  employed  on  the  interface. 

0.  To  subjeot  the  pure  hydrogen  peroxide  in  oontaot 
with  a  stable  surfaoe,  if  one  is  found,  to  radia¬ 
tion  to  induce  Instability  and  thus  generate 
radicals  whose  interactions  with  the  surfaoe  can 
be  determined.  The  oholoe  and  uae  of  the  stable 
surfaoe,  if  found,  will  be  mutually  agreed  upon 
by  tho  procuring  aotivlty  and  the  contractor 
before  this  phase  qf  study  commences, 

2  f  Thib  program  shall  be  directed  toward  the  gathering  of 
information  af footing  the  storaolllty  of  hydrogen  peroxide. 
Emphasis  will  lie  on  the  reliability  and  reproducibility  of 
the  data  attained. 
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Section  1(a)  experimentation  was  carried  out  primarily  at  the 
Research  Laboratoriee  of  the  Electrochemical  Department  at  Niagara 
Falls,  New  York,  oy  Dr.  A.  M.  Stock,  Sections  1(d)  and  1(c)  work 
was  carried  out  primarily  at  the  Radiation  Physics  Laboratory  of 
the  Engineering  Department  at  Wilmington,  Delaware,  by  Dr.  J,  P.  Paris. 

As  a  result  or  the  above  separation  of  effort,  this  report  is 
divided  into  two  sections.  Section  I  covering  work  at  Niagara  Palls, 
and  Section  XI  oovering  work  at  Wilmington. 

SUMMARY 
Section  I 

1.  Aftor  conaiderade  engineering  study,  followed  by  a  few 
scouting  experiments,  it  was  concluded  that  determination  of  the 
high  temperature  stability  of  high  strength  HgO« .  surrounded  by  a 
container  wall  of  frozen  HgOg,  while  feasible,  oou'ii  not  be  carried 
out  within  the  limit  of  funds  allocated  to  this  contract.  Suggested 
extension  of  the  contraot  was  not  approved.  Two  engineering  studies, 
one  on  *  "minimum  metsl  container  surface "  and  one  on  "solid  H2O2 
container  surfsoe",  are  appended  as  Appendloles  I  and  II. 

S.  In  view  of  (1)  above,  it  was  therefore  decided  to  limit 
experiments  on  the  storage  etauility  of  high  strength  HgOg  to 
temperatures  at  which  HjOg  was  solid,  thus  limiting  the  socess  of 
KgOj  moleoulte  to  the  container  surface .  These  temperatures  were 
■elected  at  -30*0.  (-22*F,).  and  -60*0.  ( -76 *F . ) .  In  addition, 
tssts  were  included  at  O'C.  (32BF,)  so  that  our  results,  taksn  in 
conjunction  of  those  of  Roth  and  Shsnley  (Ref.  4)  would  span  tha 
entirs  tsmparaturs  range  of  -60*c.  (-76*P.)  to  1C0*C.  (212#F,). 
Equipment  oapauie  of  doteoting  decomposition  in  the  range  of  1  ppm/day 
wee  assembled  and  tested. 
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3.  Two-week  stability  teats  were  then  set  up  at  the  three 
temperatures  noted  In  (2)  above,  using  as  test  samples  concen¬ 
tration  stabilized  commercial  from  three  manufucturerr, ,  90^ 


tier. 
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and  highly  purified,  unstabilized  H2Q2  of  both  90  and  99 +£  concen¬ 
tration,  made  from  commercial  Du  Pont  9 0£  concentration  stabilized 
HgOg-  Procedures  for  securing  th3Be  later  two  grades  are  outlined 
later  in  this  report,  while  a  discussion  of  concentration  of  90# 

H2O2  to  99 +£  by  crystallization  (taken  from  unpublished  Du  Pont 
work)  is  appended  as  Appendix  III. 

Standard  drop  tests  were  carried  out  on  solid  high  strength 
H2O2  tc  be  certain  that  the  solid  state  did  not  increase  the 
sensitivity  of  the  H2O2  to  shock.  Those  teats  were  carried  out 
with  a  Gardner  Variable  Impact  Tester  (Catalog  No.  10-1120,  Gardner 
Laboratory,  Inc.,  Bethesda,  Maryland).  This  instrument  permits  a 
known  weight  to  fall  from  a  known  height  onto  a  sample  supported  on 
an  anvil.  To  carry  out  the  Impact  tests,  the  anvil  was  removed  and 
refrigerated  to  -60°C.j  the  weight  was  raised  to  its  maximum  hoight 
and  held  at  this  point  with  a  thin  wire.  The  anvil  was  quickly 
replaced  and  solid  II2O2  crystals  plt.ced  on  it;  the  weight  was  then 
released  by  cutting  the  wire.  No  evidence  of  detonation  was  observed 
under  chase  conditions.  In  these  tests,  the  manufacturer 1 ■  impact 
calibrations  were  used  without  Independent  checking  against  calibration 
standards.  To  the  limit  of  our  equipment  (50  inch-pounds  lmpaot), 
crystalline  99. 5£  concentration  H2O2  was  insensitive  to  impact. 

4.  Studies  of  the  decomposition  of  commercial  stablliaed 
90£  K2O2  (tripliofte  samples)  gave  the  following  results  1 
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a.  At  -6oBC.  all  samples  tested  showed  no  de¬ 
co, uyuaiulon  (rates,  ir  any,  of  leas  than  1  ppm  per  day). 

All  samples  were  completely  *oiid  throughout  the  test. 

b.  At  -30*C.,  all  samples  contained  a  minor  amount 

of  liquid  HpOg.  Pour  of  the  nine  samples  tested  gave  small, 
but  measurable  amounts  of  decomposition  {0. 9-2,1  ppa/day). 

The  remaining  samples  showed  no  detectable  decomposition, 

c.  At  C°C.>  all  samples  were  completely  liquid.  All 
threw  samples  rrom  one  manufacturer  showed  decomposition  rates 
of  ?>  to  3  ppm/d&y.  The  samples  from  the  other  two  manufacturers 
showed  very  slow  decomposition  from  Just  detectable  to  l.J>  ppm/ 
day. 

d.  Repeat  of  these  teats  in  t  slightly  modified,  more 
sensitive,  apparatus  capable  of  detecting  decompositions  of 
0.5  ppm/day  confirmed  the  above  rates t 
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(1)  At  -6Q8C.,  decomposition  leas  than  0.5  ppm/dey. 

(2)  At  -308C.,  decomposition  barely  detectable  In 
some  samples. 

(3)  At  Ci°C.,  a  sample  of  the  HgOg  that  showed  3  to 
5  ppm/day  in  test  4(c)  aDove,  gave  about  the 
same  rate.  One  sample  from  a  second  manufacturer 
also  indicated  a  3  ppm/day  rate.  A13  three 
samples  from  a  third  manufacturer  gave  no  measurable 
decomposition . 

5.  Study  of  the  decomposition  of  commercial  9 80  H^Og  gave  tho 
following  results: 

a.  At  -60‘C.,  no  decomposition. 

b.  At  -30*C.j  completely  aolid,  no  decomposition. 

0.  At  O'C.,  sample  liquid,  no  decomposition  (under 

0 . 5  ppm/day ) . 

6.  Studies  of  the  decomposition  of  highly  purified,  unatabllieed 
90 0  and  930+  concentration  H2O2  gave  the  following  result#  (triplicate 
■ample#),  in  our  mors  sensitive  unit  mentioned  in  4(d)  above: 

a.  At  ~60*C.,  no  detectaole  decomposition. 

b.  At  -30*C,,  no  detaotaole  decomposition. 

o.  At  08C.,  930+  HgQgi  0*9#  0.7,  and  "0.1"  ppm/day  decompositio; 

900  HoQpi  "0,3"/  "0.4",  and  1.7  ppm/day  decompoai- 
*  tion 

VI#  are  Inclined  to  blame  trace  contamination  for  the  two  higher  values 
for  thj  930+,  and  tho  one  hlghor  value  for  the  900  matorial,  and  conclude 
that  the  decomposition  rat#  of  highly  purified  HgOg  1*  essentially  un¬ 
detectable  at  0*C.  in  equipment  capable  of  measuring  decomposition  rates 
in  the  under  0.5  ppm/day  range. 
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7.  On  the  basis  of  the  above  data,  we  conclude i 

a.  At  -60°C.  solid  hydrogen  peroxide  shows  no  evidence 


Of  dftpomnn* 4+*,^  n  n 

stabilizers , 
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b.  The  onset  of  decomposition  is  associated  with  the 
appearance  of  a  liquid  phase  at  about  -30°C,  in  the  oast  of 
90J6  H202  and  at  somewhat  higher  temperatures  in  the  case  of 
9856  h2o2. 

0.  In  the  liquid  phase  (Q9C.),  decomposition  rates  of 
commercial  high  strength  (90£  and  98#)  Hg02  range  from  a 
maximum  of  about  5  ppm/day  no  below  the  level  of  statistical 
significance .  ^ 

d.  In  the  liquid  phase  (09C.),  carefully  purified  unsta- 
ollized  h202  is  only  slightly  lass  stable  than  the  most  stable 
commercial  H202  and  considerably  more  stable  than  the  least 
stable  commercial  H202,  indicating  that  stabilisers  are  not 
required  for  high  stability  provided  high  purity  is  maintained. 

e,  Only  a  rough  correlation  between  low  electrical 
conductivity  and  high  staollity  was  found,  indicating  that 
eleotrioal  conductivity  £er  se  'is  not  a  reliable  indicator  of 
stability. 
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Section  II 


1 •  Container  Materials  for  Storage  of  High  Strength  HnOg 

(a)  Aluminum.  High  purity  (99,60  or  better)  aluminum  has  been 
considered  the  boat  (most  inert)  material  for  construction  of  arums, 


storage  tanks,  and  tank-oars  used  in  high  strength  H2O2  storage  and 
shipment.  From  our  work  it  is  apparent  that  the  oxide  sealing 
treatment  of  the  aluminum  surface  before  use  is  not  perfeot,  and 
allows  contaot  of  tho  stored  peroxide  with  the  aluminum  aurfaoe . 

Exaot  chemical  nature  of  the  oxide  film  could  not  be  established. 

With  contaot  of  the  aluminum  surface  oy  the  HgOg,  decomposition  at 
the  site  of  o&talytioally  aotive  heavy  metal  contaminate  atoms 
appears  certain.  Howevar,  it  was  not  .usslble  to  rtamonstrate  tho 
auperi^  resistance  of  99.9995*  aluminum  ovsr  that  of  99>930.  It 
also  appears  that  soratohea  and  mechanical  damaga  to  tha  aluminum 
aurfaoe  before  oxide  sealing  provlda  slbaa  for  preferential  pitting 
attack  on  tha  aurfaoe.  Suggestions  for  more  definitive  work  are 
outlined  in  Appendix  IV. 

(b)  pyrex  Class .  Literature  valuta  for  the  decomposition  of 

high  strength  H2O2  stored  in  properly  cleaned  and  paaiivated  Pyrex  glaai 
were  readily  duplicated. 

(c)  Polyethylene .  Examination  of  the  aurfaoe  of  both  linear  and 
branched  ohain  polyethylene  indicated  a  temperature  dependent  attack  by 
high  strength  Hj02*  Development  of  the  0-0,  0*0,  and  0-H  bands  at  .SO* 
and  70aC.  could  bo  readily  followed.  Polyethylene  la  not  a  suitable 
material  for  containers  for  high  strength  HjOg. 

(d)  Fluorocarbon  polymers.  "Teflon"  TFK-fluorooarbon  film  ahowsd 
no  detectable  surface  attack  by  900  oonoentration  after  500  hours 
nt  70"C»  However,  a  perfluorosulfonlo  sold  ion-exchange  mambrane  was 
rapidly  attacked,  giving  notioeable  0*0  absorption  after  8  hours.  Our 
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'  Moat  aignlfioant  work  was  done  with  "Teflon"  F2P-fluorocarbon  reeln 
as  a  container  for  high  strength  H202.  A  sample  bottle  made  from 
this  m 0 1  n  Ouuauu  a uuu t  pyj©  rnuru  OBCornposlcxon  OX  high 

strength  H205  stored  in  It  at  70*C.  for  a  5-hour  period  than  did  a 
passivated  Pyrex  glass  bottle.  However,  mild  Irradiation  of  the 
"Tefion"  FKP  bottle  in  air,  while  not  adversely  affecting  the  physical 
properties  of  the  container,  reduced  its  oatalytio  effect  on  contained 
90 %  HgOg  to  about  half  that  of  passivated  Pyrex  glass,  and  to  about 
one-third  that  cf  passivated  aluminum.  Suoh  an  irradiated  surface 
is  the  most  inert  that  has  been  reported.  We  recommend  consideration 
of  suoh  a  container  surface  for  long  term  HgOg  storage. 

2.  Reaction  Mechanism  of  HoPo  Decomposition 

Pure  HgOg  is  a  very  stable  molsoule.  Decomposition  atudlea 
therefore  require  an  initiator  to  start  the  ohain  decomposition 
reaction* .  In  our  work  we  utilised  (a)  a  reduoing  agent  (tltanoue 
chloride),  (o)  an  oxidising  agent  (oerio  salts),  and  an  irradiation 
system  (ultraviolet  light).  All  three  of  these  agenta  aided  in  the 
over-all  understanding  of  the  mechanism,  The  reaotiona  involved  arai 


(A  1 ) 
(b‘) 

(o') 


+  H808  - >  Nf(x+1) 

M+x+  H802  — > 
hv1 

HgOj  - >  ?  'OH 


+  -OH  +  OH" 

+  H+  +  H08’  H+  +  '02“^ 
(superoxide  Ion)*'* 


(a)  Tltanoue  Chloride  aa  an  Initiator.  Rapid  mixing  flow  cells 
were  constructed  to  study  the  rasotion  of  titanoua  chloride  with  H2O2 
in  an  electron  paramagnetic  reuonsnoe  (ZPR)  cavity.  A  rapid  dosing 
valve  allowed  "atop  flow"  studies,  giving  radical  deoay  values,  to  ba 

made  in  this  ssme  unit.  In  this  unit  the  basic  reaction  was  studied. 
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In  addition,  the  affect  of  methanol  or  ethanol  additions,  change  in 
pH,  changes  in  H^Og  concentration,  and  the  addition  of  ferrous  ion 

4*  4*  »■  mama  r  >  M  _  t  a  ^  4  J  1  ..  «  i>U  a 

wmv  kj  w  wwm  n  w  *  u  unuiii4.iivu  c  i'iu  ut  mi  i  W4.  j  a  v*  w  AauiyAH  j  l  qavw  wna 

hydroxy  methyl  radical. 

(b)  Ceric  ion  (nltrato-cerate  ion)  as  an  initiator.  In  the 
same  system  as  used  in  2(a)  above,  the  reaotion  of  H202  with  Ce^O^Jg"2 
(nitrato-cerate  ion)  was  examined.  Good  evidenoe  was  obtained  that 
the  reaotion  sequence  wasi 

(d ' )  Ce(N03)6"2  +  Hz0g  — >  Ce(N03)6“3  +  H+  +  HOg • 

(e  ' )  HOv  H+  +  *0s" 

It  was  found  that  cupric  ions  added  to  this  system  drastioally  reduotd 
the  ' 02""  level,  It  is  believed  that  this  is  the  meohanism  responsible 
for  the  oftalytia  decomposition  of  H202  ay  cupric  ions.  Methanol,  on 
the  other  hand,  did  not  reaot  with  *0g".  This  suggests  that  the 
stabilising  effeot  of  methanol  on  H202  is  possibly  due  to  soavtnging 
of  *0H  radicals, 

(0)  Photochamioal  dissociation  of  HgOa.  Equipment  was  constructed 
In  which  light  from  s  low  pressure  mercury  arc  was  appropriately  filtered 
to  isolate  the  2537 A  Kg  line.  This  light  was  then  used  to  decompose  H2Q2 
as  follows  t 

h-J 

(o')  KjOg  - >  a -OH 

(f1)  -OH  +  H802  - >  H20  +  HOj-  **  *02"  +  H+ 

It  was^hoped  to  add  a  scavenging  agent  that  would  reaot  completely 
with  the  auperoxlde  ion  (’02“),  and  Dy  measuring  the  smount  of 
reaction  product,  determine  the  quantum  yield  in  the  photolysis  of 
H202.  We  were  ablo  to  so  do,  and  confirmed  literature  data  on  the 
quantum  yield  determined  by  another  method.  The  soavjhiging  agent  ueed, 
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tntranitromethane *  appears  to  react  quantitatively  with  the  super- 
oxide  ion. 

M A JOR  CONCLUSIONS 

1.  Either  carefully  purified*  or  suitably  stabilized  commercial* 

90#  and  98#  H2O2  can  be  considered  stable  and  storable  at  temperatures 
of  0°C,  (32"F, )  or  below.  Decomposition  rates  of  less  than  1.0  ppm/day 
should  be  ntadily  attainable  under  these  conditions  In  standard  pasalvated 
aluminum  storage  vessels.  This  conclusion  is  borne  out  by  unpublished  Du 
Pont  experience*  in  which  solid  99^+  HgOg  has  been  stored  in  Pyrex  glees 
at  -30°C.  for  a  three  year  period  with  no  deteotable  decrease  in  concen¬ 
tration  as  measured  by  permanganate  titration,  It  should  be  noted  that 
Hg02  increases  in  density  by  about  15#  upon  freezing.  Decomposition 
of  1  ppm/day  of  90#  H2Q2  nr.  O'C.  in  an  unvented  container  with  5%  outage 
should  not  build  up  over  200  paig  pressure  in  a  4  year  period. 


Temperature; 


Decomposition  Rates 


Purified 
9 8'tf  H2O2 

>m/ciay  *7v 


Purified 
90JS  H202 


Stabilised 
9&t  H202 


Stabilised 
90#  H202 


-60 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

-30 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

0.5 

0.016 

0 

0.7 

0.025 

0.? 

0.010 

N.D. 

N.D. 

0.6 

O.CBB 

30 

39.  S3 

1.443 

- 

- 

29. 93 

1.093 

4083 

14 ,93 

66 

i&i 

ii:Sj 

- 

- 

27.47 

l7 

14?57 

587 

ND  ■  no  decomposition  detected 
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In  other  unpubliohed  Du  Pont  work,  we  have  shown  that,  not  only 
Is  solid  HoOo  extremelv  ntabla.  hut  also  mnnh  )***  than 

liquid  H2O2 <  At  -b5'C.t  wa  have  maintained  oryatala  of  995*+  H2C2 
in  contact  with  an  active  silver  screen  catalyst  for  4  hours  with 
no  decomposition.  We  have  also  mixed  solid  995*+  H2Q2  solid  990+ 
hydrazine  at  -70®c.  with  no  reaction.  In  the  later  oaae,  warming 
the  mixture  to  -2ij*C  resulted  in  explosive  decomposition  of  tho 
mixture , 

2,  "Teflon"  PEP  fluorocarbon  film,  mildly  irradiated  in  air, 

offers  a  surface  for  a  storage  container  for  905C  that  hao  only 

one-third  the  oatalytio  deoompoaitlon  rati  of  a  paraivated  aluminum 
ourfaoe. 

3,  It  la  possible,  with  modern  phyeloal  tools,  to  follow 
conoiaely  the  growth  and  decay  of  short-lived  intermediates  in  the  ' 
catalytic  deoompoaitloni  of  H202*  further  light  haa  been  shea  on 
these  oomplioated  reaotloni,  By  eeleoting  the  proper  scavenging 
agent  for  key  intermediates  in  these  ohaln  reations,  superior 

Hj02  stabilizers  might  be  developed. 


-  1  , 
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SECTI ON  I  -  STORAGE^  STA3II  lTnf  OP’  lilGH  STRENGTH  HoOo 
DISCUSSION 

T  D  vin  ^  n  v<  •  I  »  \  r  TIi  i  w*  Um4  ma  '  *  » « 

•“  *  -  *  —  r  ^  m  **  r_-  w_» »  .  _rr  *•  ,  »  »«  »  w  i>j  wr  v  ii  ^vtaw/n^^w 

Eaaentlally  anhydrous  hydrogen  peroxide  was  prepared  from 
commercial  (Du  Pont)  900  hydrogen  peroxide  by  fractional  crys¬ 
tallization  followed  toy  distillation  under  reduced  pressure.  By 
carrying  out  the  crystallization  at  aoout  -30#C.  and  accepting  a 
moderate  (400)  yield  of  crystals,  it  was  possible  to  obtain  98-990 
Hg02  by  a  single  crystallization  of  the  commercial  900  HgOg.  Under 
thoao  conditions  largo,  veil-formed  crystals  were  obtained;  in  one 
oaBo,  the  crystals  attained  u  length  of  aoout  3  inches  (See  Figure  * 
S-l ) .  The  crystals  were  oolleoted  on  s  sintered  glass  filter, 
olanketcd  with  dry  nitrogen  and  allowed  to  melt  allghtly  to  remove 
c;.e  surface  film  of  mother  liquor.  Diatlllation  was  osrried  out 
according  to  the  procedure  of  arosa  snd  Taylor(l),  uaing  s  modified 
form  of  the  apparatus  described  oy  these  workers  (See  Figure  S-8), 

As  recommended  in  the  literature (1,8),  the  diatlllation  was  o on, duo ted 
in  the  prooenen  of  a  trace  of  NaOH.  Distillation  aerved  primarily  to 
remove  ionic  impurities  And  brought  about  only  a  slight  lnarsase  in 
ri20g  concentration . 

II .  Electrical  Conduotlvlty  of  Pure  HsOo 

The  electrical  oonduotlvlty  of  purs  H20y  haa  been  studied  by 
several  workers(3,5,to) .  Early  lnveatigatori (5)  have  reported  a 
apeoifio  oonduotanoe  of  2  miuromnoa  at  2£*C,  Mors  recently,  Hpemflc 
oonduotsnoes  of  0.82  mioremho  at  23*0. (6)  end  0.39  mioromho  (temperature 
unapoolfied) (j)  have  b«<  n  reported. 
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We  studiec.  the  conductivity  of  pure  HgOg  prepared  by  frictional 
crystallisation  and  distillation  aa  a  mean#  of  determining  ita  purity* 
The  results  o'  this  study  (sea  Taole  S-l  for  data)  oan  be  summarised 
as  follows i  * 

a.  fractional  orystallir.ation  reduoed  the  conductivity 
of  commercial  cjO#  HgOg  to  approximately  half  its 
initial  value,  (while  inoreasing  its  oonoentratlon 
to  9 0+*  HgOg ) . 

b.  distillation  of  tho  orystalliaed  H2O2  reduced  its 
specific  oonduotanoe  to  bdouU  2  micromhos,  the 
value  reported  in  the  early  work  of  Outhherteon  and 
Maas (5) , 

c,  A  seoond  distillation  of  orystallicsd  and  onoe- 
dlotllled  H2O2  rsduoad  ita  npeciflo  oonduotanoe  to 
1,2  mioromhos,  a  value  greater  than  that  reported  in 
the  more  recent  literature^, 6) , 

d,  the  opeolflo  oonduotanoe  of  both  9d^  HgOj  and  "deionised" 
water  inoreased  on  storage  in  oontact  with  "Fyrex"  glasa, 

Ws  attribute  our  failure  to  sohleve  the  lowest  oonduotlvity 
reported  In  the  literature  to  handling  and  storage  In  "Fyrex"  glass¬ 
ware  and  the  preeenoe  of  up  to  20  water  In  the  crystallised,  distilled 
HgOj.  In  the  HjO-HjOg  system  speoifio  conductance  passes  through  s 
maximum(S)j  vis,,  the  opeolflo  oonduotanoe  of  pure  HgOg  is  incresstd 
by  the  addition  of  water  and  the  speoifio  oonduotanoe  of  pure  water 
is  increased  by  the  addition  of  HgOg,  We  have  limited  our  purification 
prooedure  to  crystallisation  and  a  aingla  distillation,  sinoe  repeated 
distillation  preduoed  a  relatively  email  deoreaee  in  oonduotlvity, 

Since  oonduotiviuy  of  the  HjOj  asmplee  ia  oertain  to  inorsase  during 
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the  stability  to*ts  <1ik  to  the  prolonged  contact  with  "Pyrex"  gleus, 
we  question  the  significance  or  extremely  low  initial  conductivity. 
Ill .  Rata  of  Decomposition  oi‘  High  Strength  HpOp 

Tv,* o  as i'lvs  uA  ucuuiii^ooiaxuri  rfito  o xpo nmBnc o  wbjcc  oarriec  out « 
In  the  first  aerioaj  the  decomposition  rates  of  eight  sample*  of 
commercial  90<  HgOj  from  three  manufacturers  and  of  threo  samples 
of  commercial  98#  HgOg  from  a  single  manufacturer  were  determined. 

In  these  experiments  the  Hj>0g  samples  were  plaoed  in  specially 
deoigned  decomposition  flacks  (uee  Figure  S-5)  lb  a  modified  Kevoo 
Model  ULT-903  low  temperature  refrigerator,  The  flasks  were 
oonneoted  to  manometers  constructed  ox'  k  mm.  "Pyrex"  capillary 
tubing  by  meano  of  2  mm.  "Pyrox"  or  4  mm,  "Teflon" ^capillary  tubing. 
Both  types  of  tubing  proved  satisfactory.  "Teflon"  offered  the 
advantage  of  greater  flexibility.  The  manometrlo  fluid  was  colored 
kerosene  (density  ■  0,800  g./ml,  at  23*C,).  (Sea  Figure  3-7  for  a 
schematic  drawing  of  the  decomposition  rate  apparatus, )  This  type 
of  decomposition  rate  apparatus  was  extremely  sensitive,  A  barely 
detectable  prossure  change  (S  mm,  kerosene  *  0,12  mm,  Hg)  was 
calculated  to  correspond  to  decomposition  of  from  0,10  to  0,14  ppm 
of  tha  Ha02  camples.  Theoretically,  then,  a  decomposition  of  well 
under  1  ppm  over  the  entire  test  period  should  have  been  deteo table. 
Unfortunately,  this  small  amount  of  decomposition  fell  well  within 
the  error  imposed  principally  by  temperature  fluctuations  within  the 
refrigerator,  For  example,,  at  -bQ'C,.  the  indicated  refrigerator 
temperature  varied  from  -37  8  to  -60.0*0.  Since  the  decomposition 
flasks  were  immersed  in  a  fluid  of  low  heat  capacity  (air)  with  no 
provision  for  foroed  circulation,  actual  temperature  iniide  the 
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decomposition  flasks  may  have  varied  ooneiderrbly  from  tha  indicated 
temparature .  We  Indeed  oocerved  thac  fluctuations  In  pressure  la/^ed 

4  4*  MM  M  W*W  <  ^4  ^  W*  **  A  ».  -**..**4  •**.*•  ••  W  M  M  M  A  M  4  k*  U  >  k 

»  •  M  WkilikllM  wtiw  V  V«  %  «  Ml  tWl||)V  W  *11  VHII'^/HIHVMI  TT  I  r  '• 

estimate  the  possible  orror  due  to  temperature  fluctuation  to  be 
of  the  order  of  10  ppm,  Thus,  over  a  two-week  period  of  observation, 
decomposition  at  a  rata  of  shout  1  ppiii/day  should  produoe  a  pmaaure 

i 

inoreaae  greater  than  the  experimental  error. 

The  results  or  the  first  series  of  decomposition  rate  studies 
can  be  summarized  as  follows , 

A.  At  -60°c. ,  all  samples  were  entirely  in  the  solid  state. 
ProDouro  variations  within  tne  decomposition  flanks  were  random  and 
gave  no  indication  of  accumulation  of  oxygen.  (Sea  Figure  S-8  for 
plots  of  pressure  vs.  time  for  typioal  samples  of  900  and  90%  HgOj.) 
Since  a  decomposition  rats  of  1  ppm/day  should  hsvs  oaused  a  noticeable 
upward  trend  in  pressure,  we  oonolud#  that  st  -6o*c.  all  the  oommeroial 
HjjOg  camples  tested  decompose  at  a  rate  of  last  than  1  ppm/day,  if 

at  all, 

B,  At  -30*C.,  the  980  HgOa  remained  entirely  in  the  solid  phase, 
while  the  90%  HjOj  samples  contsinsd  both  a  aoiid  (major  portion)  and  a 
liquid  (minor  portion)  phase.  At  this  temperature,  four  samples  of 
900  HgCh  shewed  evidanoc  of  decomposition  (i.t.,  a  decompoaj tion 

rate  of  about  1  ppm/day  or  more).  Calculated  decomposition  rstss  for 
these  samples  wars  3,1,  1.1,  1.3  end  0,9  ppm/day,  respectively.  (Roc 
Table  8- id,  Samples  #3,  #7,  #10  end  #13.)  Sinos  none  of  the  990  HgOg 
samples  showed  svidsnos  of  decomposition,  we  have  concluded  that  the 
onset  of  decomposition  is  associated  with  the  appearanoe  of  the  liquid 
phase,  (See  Figure  S-9  for  typiosl  pints  uf  tempers  burs  vs.  tine  for 
900  HjO-j  at  -SO^C,  and  Figure  5-10  for  a  typioal  plot  of  pressure  ve. 
time  for  990  Hao  «t  -30*0.) 
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C.  At  u*C . ,  all  eleven  samples  gave  evidence  of  deocmpoattlon. 

Calculated  decomposition  rates  variod  from  0.5  to  nearly  5  ppm/day 

(sac  Tttblo  5-t').  xn  tma  case,  we  consider  the  rate  of  0.5  ppm/day 

to  be  eignlf leant,  ainoe  the  HgO^  samples  expand  significantly  on 

melting,  thua  decreasing  the  free  volune  of  the  decomposition  flasks 

and  increasing  the  sensitivity  of  the  manometrio  systems  to  small 

amounts  of  svolvad  oxygsn.  Thus  a  calculated  decomposition  rate  of 

0,5  ppm/day  at  0*0.  may  be  statistically  significant  even  though  the 

marginal 

calculated  rate  of  0.9  ppm/day  at  -30*0.  may  be  of/statistioal 
aignif ioanen .  Typical  plots  (Figure  fl-ll)  of  pressure  va.  time  at 
O'c.  dearly  show  increasing  trends  even  though  calculated  decompo¬ 
sition  rttas  are  as  low  as  0.5  ppm/day.  The  decomposition  rates  at 
O'c .  divided  the  samples  into  two  sharply  definad  categories, 
namely,  eight  aamplei  which  deoompoaod  at  rates  of  0.3  to  1.3  ppm/day, 
and  three  sample*  which  decomposed  at  rates  of  3  to  3  ppm/day.  The 
three  samples  whioh  decomposed  at  the  higher  rats  represented  900 
HqOj  from  one  of  the  three  manufacturers ,  At  ths  and  of  tha  decomposi¬ 
tion  rata  experiment,  the  apeoifio  conductances  of  tha  samples  ware 
measured,  in  order  to  obtain  an  estimate  of  tha  relative  amounts  of 
lonio  impurities  present  in  the  samples.  The  conductance  data  (oee 
Table  5-3)  indicated  that  the  amounts  of  lonio  impurities  war*  small 
and  did  not  vary  widaly  from  sample  to  sample.  However,  th*  apeoifio 
conductances  of  tha  three  leas  stable  samples  wore  ughar  than  those 
of  moat  of  the  remaining  more  stable  samples.  If  an  ionin  impurity 
was  responsible  for  the  lower  stability  of  tha  three  samples  in  question, 
It  must  have  been  a  powerful  oatalyit  for  the  decomposition. 
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In  the  Becond  series  of  decomposition  rate  experiments,  the 
following  samples  were  used: 

a.  three  samples  of  unstaoilized  93*  H2O2  prepared 

r> - -  - - - 4  ~  .  -* - *.  \  ArW  rs~r\  Vn«*  a^i%i 

X  X  will  UWIIIIIiCi  WXUX  ^  L/U  i  Oil  U  f  'J  •>*  p  *  VJ  *  4  MV 

crystallization  and  distillation  as  described  in 
the  Experimental  Section  of  thia  report. 

b.  throe  samples  of  unatabillzed  90*  Hg02  prepared 
by  dilution  of  the  unatabillzed  93*  H2O2  with 
"deionized"  (specific  conductivity  »  3  *  1CT?  mho) 
i.ater . 

0.  five  samples  of  commercial  1>J*  H2h2  from  three 
manufacturera . 

d.  one  sample  of  commercial  93#  H20g. 

The  decomposition  flasks  used  In  the  first  series  of  experiment!) 

(aee  Figure  S-5)  were  modified  as  shown  in  Figure  3-6.  The  external 
lines  oonneoting  the  decomposition  flasks  to  the  manometers  were 
shortened  by  replacing  the  "Pyrex"  glass  ci.plllsry  with  heavy  wall 
tuolng  of  "Teflon"  fluorocaroon  realn.  "Pyrex"  lines  within  the 
refrigeration  unit  were  not  changed.  Wo  have  estimated  that  these 
modiflcrtlone  increased  the  sensitivity  of  the  apparatus  to  ca. 

0.5  ppm/day  at  -30nC.  and  -60eC.  and  to  oa.  0,2  ppm/day  at  0"C. 

The  resulte  of  the  second  series  of  decomposition  rats  studies 
oan  be  summarized  us  follows: 

A.  At  -60*0.,  (all  oamples  in  the  solid  state),  pressure  changes 

■i* 

over  the  samples  (#1,  #8  and  #3)  of  unstabilized  93*  H202  were  small 
and  random  (ae«  Figure  3-1?).  Therefore  we  conolude  that  solid  H2O2 
requires  no  staoilizer  against  decomposition,  provided  high  purity 
i&  maintained.  Of  the  three  aampleo  (#4,  #6  and  #6)  of  unstabilized 
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90*  HgOg ,  two  (#4  and  #5)  showed  some  signs  of  decomposition.  In 
the  case  of  sample  #4,  approximately  half  of  the  apparent  gas 
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calculated  decomposition  rate  for  the  final  13  days  of  observation 
was  only  half  that  for  the  entire  14-day  period.  The  results 
obtained  at  higher  temperatures  (-30°C.  and  G5C.)  suggest  th*.t 
tne  apparent  gas  evolution  from  these  samples  was  oaused  by 
failure  to  attain  thermal  equilibrium  by  the  time  observation  was 
begun.  (During  the  start-up  phase  of  the  run,  the  freezer  tempera¬ 
ture  dropped  considerably  below  the  set-point  due  to  meohanioal  mis¬ 
behavior  of  the  unit.)  All  samples  (#7  through  #12)  of  commercial 
H2O2  had  apparent  decomposition  rates  of  doubtful  statistical 
aignificanoe  (i.e.,  0.4  ppm/day  or  leas). 

B.  At  -30°C.,  the  observed  decomposition  rates  (Table  3-3, 

Figure  S-13)  were  below  the  level  of  statistical  significance  or  of 
marginal  statistical  significance  at  most.  The  "negative"  rates 

*  •*  j 

reported  (Tabln  S-3)  for  samples  9  through  12  oan  be  attributed  to 
failure  of  the  samples  to  reach  thermal  equilibrium  at  the  tlmo  of 
the  initial  observation.  The  rate  plots  in  Figure  S-3  chow  either 
little  change  or  a  alight  increasing  trend  In  the  amount  of  H2O2 
decompoeed  after  the  second  cbeervation. 

C.  At  08C.,  (see  Table  S-3<  Figure  S-14)  five  of  the  samples 

(#1,  2,  6,  10,  anu  11)  decomposed  at  statistically  significant  rates. 

The  calculated  decomposition  rates  of  samples  #4,  5  and  12  were  of 
>> 

marginal  statistical  significance;  and  those  of  the  remaining  samples 
were  below  the  level  of  statistical  significance.  The  low  decomposition 
rates  of  the  unstabilized  samples  confirm  that  a  high  degree  of  stability 
la  possible  without  stabilizers,  provided  high  purity  is  maintained. 
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Ir.  this  group  of  samples  (#1  through  #6)  there  seemed  to  be  at  least 
a  rough  correlation  between  higher  oonductanco  and  higher  decomposition 
rate.  The  behavior  of  thn  various  commercial  samples  (#7  through  # 1 ?.) 
was  oh cut  the  same  as  it  had  been  in  the  first  aeries  of  experiments, 
with  one  exception  -  the  decomposition  rate  of  the  90$  from 

Manufacturer  C  was  higher  than  expected  from  the  previous  results. 

The  conductance  measurements  do  not  Indloate  ionic  contamination  of 
the  sample,  although  contamination  by  a  nonionlo  material  suoh  as 
silicone  grease  cannot  be  entirely  ruled  out.  In  any  case,  the 
highest  decomposition  rates  observed  at  05C.  (ca,  3*5  ppm/day)  are 
in  agreement  with  those  found  in  the  first  series  of  experiments 
(3  to  5  ppm/day). 

On  the  basis  of  the  two  series  of  decomposition  rate  experiments, 
we  have  reached  ths  following  conclusions. 

1.  At  -60°C,  solid  hydrogen  peroxide  shows  no  evidence 

of  decomposition  regardless  of  the  presence  or  absence 
of  stabilisers. 

2.  The  onset  of  decomposition  is  associated  with  the 
appearance  of  a  liquid  phase  at  about  -30*C.  in  the 
case  of  90$  HgOg  and  at  somewhat  higher  temps ratureu 
in  the  case  of  9 8$  HjOg. 

3.  In  the  liquid  phase  (0*C.),  decomposition  rates  of 
oommeroial  high  strength  (90$  and  98$)  HgOg  rango  from 
a  mr/ximum  of  about  3  ppm/day  t<"  below  the  level  of 

'**  statistioal  significance. 

4.  In  the  liquid  phase  (0BC.),  carefully  purified  unstebiUsed 
H2O2  is  only  riightly  less  stable  than  the  most  stable 
oommeroial  HgOg  and  considerably  more  stable  than  the  least 
stable  oommeroial  H2O2'  indicating  that  stabilised  ere  not 
required,  fox’  high  stability  provided  high  purity  is  maintained 
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5.  Only  a  rough  correlation  between  low  electrical 
conductivity  and  hign  stability  was  found.  Indicating  that 
electrical  conductivity  per  se  is  not  a  reliable  indicator 
of  stability, 

IV .  oxygen  solubility  in  Hydrogen  Peroxide 

In  their  careful  study  of  the  rate  of  decomposition  of  pure 
hydrogen  peroxide  at  somewhat  higher  temperatures ,  Roth  and  Shanley(3) 
corrected  the  volume  of  oxygen  evolved  for  dissolved  oxygen.  Sinoe 
no  data  on  the  solubility  of  oxygen  in  hydrogen  peroxide  were  available 
they  used  the  water  solubility  of  oxygen  as  an  approximation.  We 
consider  this  correction  unnecessary  in  the  caBe  of  liquid  hydrogen 
peroxide.  Our  results  indicate  that  liquid  hydrogen  peroxide  de¬ 
composes  at  a  finite  rate,  even  at  temperatures  approaching  its 
melting  point,  Therefore,  under  normal  ciroumstanoea,  we  would 
expect  liquid  hydrogen  peroxide  to  be  saturated  with  dissolved  oxygen. 
Zt  might  be  argued  that  samples  which  were  cooled  and  then  held  at 
low  temperatures  (as  in  our  experiments)  might  not  beoome  saturated 
with  oxygen  at  the  lower  temperature  for  a  considerable  time.  We 
discount  this  possibility  on  the  following  grounds »  first,  our  samples 
were  normally  stored  for  considerable  periods  at  about .  prior  to 
the  start  of  the  decomposition  experiments j  eeoond,  prompt  oxygen 
evolution  from  decomposing  liquid  samples  was  observed  (aae  Rig.  S-ll 
and  S-14).  Finally,  extrapolation  of  the  data  of  Roth  and 

prediots  a  decomposition  rats  of  -1-fr  ppm/day  for  pure  hyd  ide 

„  *> 

at  0  c,  We  consider  that  our  me  \sured  decomposition  rates  -.7 

ppm/day  are  in  good  agreement  with  the  data  of  Roth  and  Sha* 
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It  is  somewhat  more  difficult  to  justify  neglecting  the  oxygen 
solubility  (or  entrapment)  in  solid  hydrogen  peroxide.  Our  experiments 

h  1  rl  fiw  An  a  wn  f  a  ♦-  W  *,  *•  r\  « 

- -  „  - - , ~  v  ~  ~  «iw  uiwudwi  aiuu  oiiiwui  i  u  v  1  UA,ygC.n  WfcAO  CVUAVWU 

over  a  two-week  period  by  solid  hydrogen  peroxide,  This  observation 
does  not  rule  out  the  possibility  that  some  actual  decomposition 
occurred  with  the  oxygen  remaining  dissolved  or  entrapped  in  the 
solid  peroxide.  Our  experiments  at  -30°C.  were  run  immediately 
following  the  experiments  at  -60°C.  It  has  already  been  pointed 
out  that  a  liquid  phase  existed  in  the  90 %  H202  samples.  With  the 
solid  and  liquid  phases  existing  in  equilibrium,  the  solid  should  bo 
purged  of  entrapped  oxygen.  Thus  during  the  early  stages  of  the 
stages  of  the  experiment  at  -30°C,  oxygen  should  be  evolved  both 
by  purging  from  the  eolid  H202  and  by  decomposition  of  the  liquid. 

ThUB,  as  the  solid  is  purged  of  oxygen,  the  rate  of  oxygen  evolution 
should  decrease;  this  phenomenon  has  not  been  oboerved  (see  Figures 
S-10  and  3-13).  We  cannot  rule  out  the  possibility  that  solid 
hydrogen  peroxide  decomposes  at  an  infinitesimal  rate,  However,  the 
lack  of  measurable  gas  evolution  over  an  extended  period  is  sound  evidence 
that  solid  H202  is,  in  the  practical  sense,  "stable"  and  storable. 
EXPERIMENTAL 

I .  Cleaning  of  glassware 

All  glassware  used  in  contact  with  H202  was  cleanod  by  the  procedure 

of  Shar.ley  and  Roth (3)  which  consists  of  soaking  the  glassware  for 

24  hours  in  10£  NaOH,  rinsing  with  diBtilled  water,  soaking  for  24  houra 
>» 

in  1C#  HNO3,  then  for  48-72  hours  in  concentrated  HNO3,  rinsing  thoroughly 
with  distilled  water,  then  with  "deionized"  water  and  finally  drying  in  a 
forced  draft  over  at  125BC. 


-  21  - 


ATHfL-TR -66-13 


II.  Crystallization  of  HpQ^ 

The  aampJe  to  be  crystallized  wao  placed  in  a  beaker  of  appropriate 
size  and  cooled  in  a  freezer  irent-  shout  -308C.  If  crystal  iiZitio., 
had  not  aet  in  by  the  time  the  aampe  reached  thermal  equilibrium, 
the  liquid  waa  seeded  with  a  few  HgO,,  crystals.  After  the  oneet  of 
crystallization,  the  sample  was  left  in  the  freezer  overnight,  The 
crystals  were  collected  on  a  sintered  glass  filter  under  a  stream  , 
of  dry  nitrogen  and  allowed  to  melt  slightly.  The  melted  Hg02  was 
drawn  off  and  the  crystals  transferred  to  a  clean  glass  bottle  with 
a  vented  aluminum  sorew  cap.  The  bottle  was  oovered  loosely  with  a 
polyethylene  oag  ho  exclude  moisture  and  stored  in  a  freezer  maintained 
at  ca.  -30°C. 

III.  Distillation  of  HoOo 

The  apparatua  was  assembled  as  in  Figure  3-2  and  oa ,  Q00  g,  of 
approximately  9#0  HgOg  and  1-4  drops  500  NftOH  oharged  to  the  still 
pot (a),  A  small  quantity  of  loe  was  placed  in  the  first  trap  (D)  to 
dilute  any  HgOg  reaching  this  point.  The  still  pot  (a)  and  first 
reoeivar  (B)  were  immeraed  in  water  oaths;  the  second  receiver  (C) 
anu  traps  (D  and  E)  were  immersed  in  solid  COg-triohlore thyle ne  batns. 
Distillation  was  carried  out  at  a  pressure  of  oa.  1  mm  rig .  The  still 
pot  water  oath  was  maintained  at  3t>-43'c.  so  that  the  KgOg  distilled 
without  ebullition.  The  temperature  at  the  still  head  waa  26-2tTc. 

A  forerun  of  oa.  250  g.  was  colleoten  in  the  second  receiver  (C). 

The  first  receiver  (B)  was  then  oooled  to  -5°  t-o  -IQ'o,  with  an 
ice-NaCl  oath  and  tha  main  fraction  collected  in  it.  It,  a  typical 
distillation,  the  various  fractions  gave  the  following  assays i 
forerun,  97.90  HgOgj  main  fraction,  99-30  HgOgj  raaidua  99.50  HgOg . 


IV .  Assay  of  HgO?  Samples 

Hydrogen  peroxide  samples  were  assayed  by  titration  with  standard 
KMnOji  In  fch»  n  ra  *  •  n  ru*  nf  •vnonn  U-fifl, .tli\ 

■r  •  -  "  -  "C  H  ’  ' 

V.  Preparation  of  Unatabilleed  HpOp 

Unatabillzed  93#  Hg02  was  prepared  by  crystallisation  and 
distillation  of  Ou  Pont  90#  HgQ^  ao  deaoribed  above.  Unsfcsbillsod  SO?* 
H202  was  prepared  oy  dilution  of  unstaoilized  9^#  Hj02  with  "deionised" 
water. 

VI .  Conductivity  Measurements 

Two  apecial  conductivity  cells  (shown  in  Figure  S-3)  ware 
constructed.  The  electrodes  wore  oast  from  pure  tin  (Flaher 
Scientific  Co.,  assay  99.95$*  Sn)  and  polished  to  yield  parallel 
flat  surfaces.  The  oircular  eleotrode  faces  were  20-25  mm  in 
diameter  and  were  positioned  about  4  mm  apart.  The  electrodes  were 
ait  in  tapered  ground  glaaa  Joints  by  mean*  of  tight-fitting  plugs 
of  "Teflon"  flourooarbon  resin,  and  were  oonneoted  into  the  bridge 
oirouit  by  means  of  ,,Teflonll-lniulated  silvered  oopper  wires  fuoud 
into  the  upper  parts  of  the  eleotrodes.  The  entire  conductivity 
apparatus  la  shown  in  Figure  S-4,  The  oonatanl  temperature  bath  was 
maintained  at  25.00  +  0.05'C.  by  means  of  a  "pyrex"  glass  cooling 
ooll  through  whloh  tap  water  was  passed  st  a  constant  slow  rate  end 
an  intermittent  quarts  heating  element  controlled  by  a  meroury-to-wire 
thermoregulator  with  an  e.leotonla  relev .  Resistance  of  the  tsat 
liquid  waa  measured  with  a  five-d^oade  alternating  ourrent  bridgs 
with  a^'maglo  eye"  null  point  indiostor  (Model  RC  IB,  Industrial 
Instruments,  Ino.). 
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Prior  to  u< wi,  the  glusj  parto  of  the  conductivity  cella  were 
cleaned  Dy  tho  standard  procedure  (see  "Gleaning  of  Q*aoaware'i  above), 

The  eleotrodes  w*r«  cleaned  by  soaking  overnight  in  90 %  HgOjj*  then 
overnight  in  distilled  water.  The  cells  were  assembled  and  calibrated 
against  10“ 3  n  KC1.  After  calibration,  the  cells  Wei's  rinsed  &t  least 
10  times  with  "deionised"  water.  The  oonduotlvity  of  "deionlced"  water 
waa  than  determined  in  the  cells  before  any  HjQg  samplea  were  Introduced, 
The  cell!  were  dried  by  drawing  air  through  them  with  a  water  aspirator , 
The  H2O2  sample  was  placed  in  *  specially  oleaned  glaaa  stoppered  flask, 
which  was  placed  in  the  oonstent  temperature  bath  for  1-2  hours  to 
tiring  the  sample  to  thermal  equilibrium  with  the  oath,  The  required 
amou,.  .  H2O2  (35  ml.  for  oell  "A",  62  ml.  for  otll  "B")  was  introduced 
Into  the  oell  with  a  specially  oleaned  pipette,  The  resistance  of 
the  sample  waa  datarminaa  aa  quiokly  aa  possible  and  the  apeolflu  oon- 
duotanoe  calculated  thorefrom,  The  H2O2  aample  waa  cautiously  pourad 
from  the  oell  Into  a  large  exoesa  of  water  and  discarded.  Thr  oell  waa 
then  rinsed  and  dried  aa  above, 

flinoe  tho  electrodes  were  movable,  oare  waa  taken  not  to  Change 
their  position  onoe  the  cell*  were  oallbratad.  The  oella  were  periodi¬ 
cally  takon  apart  for  cleaning  and  repollshing  (if  neoeaaary)  of 
eleotrode  faoee,  re-asaemoled  and  re-oalibrated . 

VI ,  Deoompoaltlon  Rate* 

Tho  total  volume  of  each  deoompoaltlon  flask  and  head  assembly 
(Figures  S-S  and  5-6)  was  determined  by  weighing  the  oontained  water, 
taking**into  aooount  the  overlap  of  the  ground  glass  Joint,  (Density 
of  water  was  taken  to  oe  1.00  g./ml.)  The  volume  of  the  connecting 
tubing  waa  oaloulated  from  the  weignt  of  water  oontained  in  a  known 
length  of  the  tubing,  The  total  volume  of  each  aniembly  {\\ )  was 
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obtained  by  summation  o f  the  volumes  of  its  components.  Approximately 
^>00  ml.  of  HgOj)  was  placed  In  euoh  flask  and  weighed  by  difference, 

'Ph*»  ri  »«b-*  rm  p  lu  n » H  In  t;h»  r>*  f  r  i  cr»  rn t.  nn ;  with  r«  hand 

anoemolles,  aonnooted  to  the  differential  manometer*,  and  (after 
considerable  difficulty)  sealed, 

Note i  A  leakage  problem  was  encountered  during  the  early 
stages  of  the  first  aeries  of  experiments,  At  -60*0, , 
silioono  lubrloant  failed  to  seal  tho  ground  giant  Joints, 
ovon  though  they  were  spring-loaded ,  Satisfactory  weals 
•were  obtained  by  "doping"  the  outside  of  the  Jointa  with 
sodium  niliuate  solution,  When  tho  sodium  silicate  hart 
thoroughly  dried,  the  Joints  were  teeled  under  both 
internal  and  external  pressure.  All  systems  exoept  one 
(whloh  therefore  wat  not  used)  withstood  59  mm,  Hg 
internal  preseuro  (1000  mm,  kerosene,  full  scale  on 
manometer)  and  ‘JO  mm,  Hg  external  pressure,  During 
the  oourse  of  the  experiment,  the  diffex,eritial  between 
Internal  and  external  pressure  remained  within  these 
limits,  No  such  leakage  problems  were  encountered  with 
the  redesigned  decomposition  desks  (Figure  9-6)  used  in 
the  second  series  of  experiments , 

The  refrigerator  wss  act  to  ths  desired  temporature  and  started;  the 
manometer  etopoooke  were  left  open  until  it  was  felt  that  the  entire 
system  had  reached  thermal  equilibrium,  Normally  several  days  were 
allowed  for  thermal  equilibration.  A  proa aura  reading  was  taken 
shortly  after  the  atopoooks  wore  oloied  and  at  approximately  dally 
intervals  thereafter  for  the  duration  of  tho  experiment.  Data 
reoorded  werei  (1)  date  and  time  of  reading,  (8)  room  temperature  in  *K, 
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(3)  refrigerutor  temperature  (t)  in  *K-,  (■'*)  oarometrio  pressure  (Pe) 
in  mm.  Hg,  (3)  height  of  kerouorm  in  loft  arm  of  manometer  (hj_)  in  mm. 
(6)  height  of  koroseno  in  right  arm  of  manometer  (hr)  in  mm.  (The 


1  I*  h  f1  m  V**-*  0%  Z'  (»»  »*  #.  U  MM  M  «*.  «■»  h»  *»  • .  <*•  *•.  —  ,  I.  .  .  -  «  4k.  4  %  4 

-s.4  -  «**m»  m*  vmwii  iii«iivnikv«i  nti«  v/pvu  ug  uins  a  umuapnv linu  W1V  ri^Hl 

arm  oonnooted  to  the  appropriate  dooompoaition  flank.)  Prom  theae 
data  wore  oaloulated  the  total  preseure  (p^)  in  each  deoompoattion 
taaemoly  (equation  fi),  the  apparont  parti*!  pressure  of  oxygen  evolved 
by  decomposition  of  Hg0j  (equation  4)  and  the  apparent  fraction  of 
HjOg  decomposed  (equation  9  or  10). 

VIII .Methods  of  Calculation 


A .  Fraction  of  HgOy  Decomposed 

Let  Pj  "  barometric  pressure  in  mm,  Kg 

"  h,  ■  height  of  Icerossna  in  left  (atmosphere)  arm  of 
manometer 

hr  -  height  of  kerosene  in  right  (assembly)  am  of 
manometer 

AP  •  differenot  in  preaaure  (mm. Kg)  between  exterior 
and  interior  of  aeuumbly 

P^  ■  preseure  (mm.  Hg)  inside  aeeembly 
(Equation  l)  Pj,  ■  P2  +AP 

(If  Pi  >  Ft*^P  i»  poaitivej  if  P4  <  p#,AP  ie  negative.) 
Taking  density  of  kerosene  ■  0.800  and  density  of  lig  -  13.346, 
AP  -  T§t|§H^l“hr)  "  °’°99  (hi-hP) 


Therefore, 

(Equation  8)  ■  Pg  +  0.089  (h^  -  hr) 

•it  Let  Pj.  ■  partial  pressure  (mm,  Kg)  of  evolved  oxygen  at 

standard  temperature  (273, a*K.) 

Pt»>  pressure  (mm.  Hg)  inside  assembly  at  time  t, 
corrected  ho  standard  temperature 

P0#«  pressure  (mm. lig)  inside  ansemhly  at  time  o 

(arbitrarily  choaen)  oorx'ected  to  standard 
temperature 
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T*.  -  refrigerator  temperature  at  tia*  t, 


ii  m 


(Equation  3)  P0  -  Pt*  -  V 


whore 


V  ■  pi(t)  ij!Ua 


and  P0*  -  P1ra^  2Ilii 


cl  jju 


Therefore, 

(Equation  4)  P0  ■  P± ^  gjlij.  “  f’i(o) 

Lat  Vf  -  free  volume  of  aaeembly  in  ml. 

Vt  «  total  "  "  . 

V-  -  voluma  of  H808  aampla  (ml.)  under  experimental 
oonditfone 

(Equation  9)  Vf  ■  -  V# 

va  *  wi/da  "h<r*  wf  i#  th*  vl.)  end  d$ 

la  the  density  (g./ral.)  of  the  sample 

Therefore, 

(Equation  6)  vf  "  vt  "  W,/^B 

Assuming  d§  *  nhdh  +  n#dw  ■  1.71  +  0.919  n* 

whore  n^  and  n^  are  the  weight  fraotlons  of  H2O2  and 
water,  respootlvely 

dh  and  d*  are  the  denaltiea  (g./ml.)  of  solid 

h308  and  ioe, , respectively 
•a 

Then 

(Equation  7)  Vj  "  vt  "  W§/(lw71  n^  +  0.919  n*) 

let  P  ■  ffaotion  (in  ppm)  of  HgOg  eamplo  deoompoeed 
11  H0  ■  mole*  02  evolved 
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Mp  **  molus  In  original  oample 

V8lp  -  volume  of  Oji  ovolvod  at  utandard  tamporature 
(273. 2“K)  and  proRBure  (760  ram.  Ha) 

Sinoe  2  H2O2  — >  2  H20  +  Og 

(Equation  8)  P  -  £^0  x  10^ 

"^h 

Since  Mh  «  nhWB/34.Q2  (34.02  ■  gram  moleoular  weight  of  H^Og) 

and  Mq  -  v^^.^/22,400  (22,400  »  grain  molar  volume  of  Oj  in  ml.) 
where  VBtp  -  vf  (P0/7 60.0)  -  VfPu/760.Q 

M0  -  VfP0/(7tiO.O) (22,400)  *  VfP0/l .702  X  107 

By  eubetltution 

(Kouation  9)  F  ■  2(34.02) (lo6)VfP0  ■  68.04  VfP0  -  2.997  Vff0 

(1.602)  (l07)nhw'a  17.02  nhW#  nhW, 


By  collecting  oonatanto 


(Equation  10)  P  -  K 


where 


Po 

3.997  Vf 

¥. 


NOTES  1  1.  Equation  8  assumes  that  the  decomposition  rate  la  ao 

small  that  the  N2°2  concentration  ramaina  constant, 
i.o.j  tha  decomposition  reaction  la  pstudo  aaro  order 
in  HgOg. 

2.  The  entire  volume  of  gaa  wan  assumed  to  be  at  refrigerator 
tamperature ,  although  the  gas  in  the  capillary  tubing  (00. 

3^  of  the  total)  waa  at  room  temperature  (293.7-897 <7*K) 
during  the  experiment,  Wo  would  expect  only  a  relatively 
small  error  in  oxygen  partial  pressure  from  this  assumption. 

3.  No  correction  was  made  for  oxygen  solutlllty  in  solid 
HgOg. 


-  23 


ktf’RPL'TR-66-13 


B.  Ratea  of  Decomposition 

Rates  of  decomposition  were  calculated  from  the  Integrated 


zero-order  rate  equation  -  k  At  by  the  method  of  least 

squares  as  follows.  The  above  equation  is  of  the  type  y  ■  ax 


{straight  line  passing  through  the  origin). 


Letting  x  -At  and 

y  -  -AQ^OjQ 

t.the  rate  oonatant(k)  is  given  by 

(Equation  .11)  a  -  k  -  “  ACH2°2l] 

At 


Applying  the  least  squares  method  a  (-k)  is  given  by 


(Equation  12)  a 


Calculation  of  Standard  Deviation 

The  standard  deviation  {£)  is  oaloulated  ao  follows i 

(equation  13)  y  oalo.  *  ax  where  y  oal.  la  the  oaloulated 

value  of  -  ApigOpH  for  each  value 
Of  At . 

(Equation  14)  Ay  -  y  obs.  -  y  oalo.  where  y  oba.  ia  the 

observed  value  of  -ACH2°2Dfor 
each  value  of  At . 


The  standard  deviation  {()  is  given  by 


(Equation  13) 

€' 


where  N  ia  the  number  of  obeervatlone 
of  -  Ar HgOj"] 
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SPECIFIC  CONDUCTANCE  OF  h202  AND  DEMINE RALIZEDHpO 


Substance 

Description 

specific 

Conductance4 

Micromhos 

h2o2 

Commercial  9056,  as  received 

,  11. p  ' 

h2o2 

Commercial  90£,  after  concentration  by 
crystallization 

'  5.0 

h2o2 

Purified  by  crystallization  and  Binglo 
distillation13 

2.1 

h2o2 

Purified  by  crystallization  and  single 
distillation0 ,  stored  two  weeks 

2.7 

H2°.j 

Purified  by  crystallization  and  single 
distillation0 

.  1  0 

H2°2 

Purified  by  crystallization  and  double 
distillation0 

1,2 

h2o 

Freshly  deionized 

0.3 

h2o 

Deionized,  stored  2  hr.  in  Pyrex  glass 

0.4 

h2o 

it  n  2  wk.  "  "  " 

,  1.7 

{»)  Reported  conductivity  of  purified  H202 

0.02  mlcromho  at  25*  C.  -  Schumb,  Ind,  Eng.  Chsm.  jU,  992  (1949) 

<2  micromhos  at  25*C.  -  Cuthoertson  and  Maau,  J .  Am.  Chom,  Soo. 

52,  484  (1930) 

0.39  mloromho  -  Roth  and  Shanlay,  Ind,  Eng.  Chem.  4jj>, 

2343  (1553) 

(b)  1  millimol*  NaOH  added  to  22-mole  H202  charge, 

(3)  4  milllmolea  NaOH  added  to  22-fnole  H202  charge. 
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TABLE  5-2 

DECOMPOSITION  RATES  OF  COMMERCIAL  HoQ. 
(FIRST  SERIES) 


Temp , 0 

Specific 

Aqueoue  KCl 

k° 

Observa¬ 

Sample 

% 

Manufao- 

Conductance, 

Equivalent0 

PPM/ 

£« 

tions  f 

Number  H0O0 

•  Pure r* 

•c. 

Mlcromhoe 

PPM 

Day 

Diana  rdari1 

1 

90 

A 

-30 

16.3 

8.5 

0.5 

6.4 

Nona 

0 

• 

3.3 

6.3 

2 

90 

A 

-30 

15-7 

8,0 

2.1 

6.8 

1; 

4.8 

d.4 

.3 

90 

.  A 

-30 

1?.4 

8.8 

0.6 

6.7 

H 

0 

3.7 

1.6 

At -10 

4 

98 

-30 

15.1 

7.7 

0.4 

3.7 

None 

0 

1.5 

1.5 

dt-*0 

5 

93 

-30 

16.9 

8.6 

0.2 

3.5 

At-6 

0 

0.6 

1.2 

At-10 

6 

98 

-30 

18.6 

9.4 

0.2 

4.4 

At-6 

0 

0.6 

1.4 

at -4, At -10 

7 

90' 

B 

-30 

12.3 

6.3 

1.1 

5.9 

At -6 

0 

0.6 

1.6 

At  -10 

6 

90 

B 

-30 

11.5 

5-8 

-0.3 

8.9 

Nona 

0 

0.6 

1.8 

At  -10 

10 

90 

0 

-30 

15.3 

7.9 

j  .3 

4.3 

At-3>At-6 

0 

0,6 

4,2 

Nons 

11 

90 

C 

-30 

U.2 

5.7 

0.6 

6.6 

II 

0 

1.5 

2.6 

II 

12 

90 

0 

-30 

13.8 

7.0 

0.3 

7.1 

II 

c 

0.5 

3.7 

•The  983  HjjOg  wee  obtained  from  a  single  manui  aoturer.  Thu  90}  HgOg 
was  obtained  from  three  manufacturers,  designatad  A.  9  nnd  c. 

°Aotual  tempsrature  ranges  were  -33-3’C.  tu  -27.0fv.  ac  nominal  *30*0. 
arid  -5.6*C.  to  r  2,2*C.  at  nominal  O’C. 

Of'onoentration  In  parte  per  million  of  an  aqueous  KCl  solutiu.i  with 
the  same  specific  conductance  aa  the  HpOg  sample, 

^calculated  from  the  integrated  aero-order  rate  equation,  ■ArHsO?")  <* 
k*t  by  the  method  of  leaat  squares,  At  -30*C.,  rates  of  0.9  ppm/dey  or 
less  are  of  doubtful  significance)  at  0*0.,  rates  of  0,4  ppm/day  or  lass 
are  of  doubtful  significance. 

•  Standard  deviation  of  obeeryed  from  -afipOg^Jcslcwlated  from  ' 

rata  equation. 

*"lf  the  observed  -dCH2°£J  differed  from  the  oaloulated  -dCHgOg^I  by 
more  than  2(f,  the  observation  waa  rejected  and  It  and  /recalculated 
using  the  remaining  observations ,  The  prooess  waa  repeated  until 
no  calculatsd  value  of  -AQigOgJ  differed  from  the  obeerved  value  by  more 
than  2  (  . 
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Spacific 


Sample 
Number  HpOa 

Tamp. , 

Kanufao  tuner6  *c. 

kf  upw/day 

ft 

Ooservationa  Conductance* 
Dlaoardvd^  Mlcroohoa 

1 

93 

-60 

■Cl 

1.8 

J.i  n 

-30 

0.3 

3.0 

0 

0.9 

2.2 

m 

9 

oft 

e  i 

~  w 

0 ,  ,0 

i.y 

:: 

3.9 

-30 

0.3 

2.6 

ii 

0 

0.7 

1.7 

ii 

3 

98 

• 

-60 

0,1 

2.3 

n 

3.7 

-30 

0.3 

3.7 

ii 

0 

0,1 

0.3 

n 

4 

90 

mi 

-60 

1.0 

4.6 

ii 

3.9 

-6c 

0,5 

2.8 

ate  not*  f. 

-30 

0,5 

3,9 

Nona 

0 

0.3 

1.2 

II 

5 

90 

U 

-60 

0,6 

2.5 

It 

3-5 

•30 

0.4 

3.3 

II 

c 

0.4 

1.3 

It 

6 

90 

, 

•6o 

0.2 

2. J 

I* 

4.0 

-30 

c.p 

3.5 

II 

0 

1.7 

3.6 

l» 

7 

90 

a 

-60 

0.2 

1.7 

II 

12.2 

-30 

0,4 

3.5 

II 

0 

0.1 

1.1 

If 

8 

90 

a 

-60 

0.4 

2.0 

II 

12.1 

-30 

0,5 

3.1 

II 

0 

0.1 

1.0 

II 

9 

90 

a 

-60 

0.3 

2.2 

II 

12.5 

.  -30 

-0.1 

5.5 

r- 

0 

0.2 

1.1 

n 

10 

90 

c 

-60 

0.3 

1.5 

At  "7 

12.8 

-30 

-C.l 

3.3 

Nona 

0 

3.6 

7.5 

il 

11 

90 

'  A 

-do 

0.2 

1.4 

at  -7 

16.8 

-30 

-0.3 

3.3 

None 

£ 

0 

3.5 

7,3 

II 

Vi 

93 

.60 

0.4 

2.0 

II 

1J.5 

-30 

-0,6 

0.6 

M 

0 

0.3 

1.1 

U 

■  Actual  tamparatura  rimti  ware  -58.4  to  -62,2‘C.  *6  nominal  -60*C.j  -36,3 
to  -33.3*C.  at  nominal  -3J*0.j  -5-0  tc  *1.1UC.  at  nominal  0*0, 

baamplea  1,  2  and  3  wart  preparad  ay  fractional  oryataUiaation  and  dia- 
tlllatlon  of  Du  Pont  900  HjOjj  aanplis  3,  4  and  5  wara  prepared  ay  dilution 
of  fractionally  oryatalliaad  and  dlaUllad  HjOj  witn  'dai-,  nl’itq"  water. 

Tha  remaining  sample*  wara  ooMmarclai  HgOg.  uommaroial  $M  Kj>Oa  wat 
aupplitd  ay  thrao  manufacture  rt,  daolgnltid  A  B  and  C, 

°Caioulotad  from  lntaarataa  asrc-ordor  rata  aquation  -ADteOaH  "  K*t 
by  tha  wathod  of  IwMt  apuar-aa,  at  -oO*  and  -30*0. „  ratal  or  0.3  pp,V 
dry  or  ltaa  ara  of  doubtful  alar.lfioanoaj  at  Ol0,,  pataa  of  0.2  ppm/uay 
or  ltaa  trc  of  doudtfui  significance, 

^standard  deviation  of  experimentally  ooaarvod  value#  of  -aCHpOoI 
from  tn*  calculated  velu-is,  ~ 

•Obeervationa  wara  dlaoardad  If  they  cKfjrvU  from  tha  calculated 
-ALHjOjJ  by  more  than  Sf. 

f 

Baaond  value  of  rata  constant  waa  determined  by  taldn*  tha  aeoomi 
rather  than  the  initial  ranomater  raaitn*  a#  aa.vi  tint  (at»0), 

SDctanainad  at  and  cf  experiment. 


-  - 
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SECTION  II  -  SURFACE  INEPT  TO  HIGii  STRENGTH  H202 
AND  DECOMPOSITION  MECHANISMS  OF  Hg02 

Introduction 

The  sterility  of  Id^ii  a  Lrenguh  hydrogen  peroxide 
depend*  largely  on  the  nature  of  the  ecr.tdir.ar  in  which  it  is 
stored  ar.d  the  concentration  of  adventitious  impurities  present 
in  solution  or  in  suspension.  Empirical  studies  on  container 
materials  and  additives  during  the  past  50  years  have  produced 
*  variety  of  techniques  for  paesivatirig  containsr  surfaces  end 
decreasing  the  activity  of  catalytic  ions  present  in  solution. 

It  is  the  purpose  of  this  study  tc  examine  the  reaction 
mechanisms  of  hydrogen  peroxide  in  order  to  understand  the 
basic  chemistry  involved  in  hydrogen  peroxide-container  inter¬ 
actions  and  hydrogen  peroxide-catalytic  Ion  intsrsctlons. 

The  experimented  program  developed  to  analyse  these 
reactions  included » 

(e)  Electron  sp*n  resonance  studies  on  flowing 
solutions  of  hydrogen  peroxide  rapidly  mixed 
with  a  catalyst, 

(b)  Optical  absorption  studies  on  flowing  solutions 
of  hydrogen  peroxide  rapidly  mlxad  with  « 
oatalyst, 

(o)  Attanuatsid  total  reflectance  studios  on 
surfaces  exposed  to  high  strs.^th  hydrogen 
peroxide, 
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(d)  Gasometric  analysis  of  high  streugth  hydrogen 
peroxide  solutions  At  elevated  temperature*,. 

(*)  Photochemical  Initiation  studies  on  hydrogen 
peroxide  solutions  vith  additives,  end 
(f)  dloctron  irradiation  of  container  materials. 

A  brief  revisv  of  the  current  literature  regarding 
hydrogen  peroxide  and  the  intermediates  formed  during  the 
decomposition  reactions  Is  presented  to  form  the  basis  for 
understanding  the  reaction  mechanisms .  The  transient  free 
radicals  gsnerrtod  during  the  decomposition  process  sre 
hydroxyl  («01i)  tnri  perhydroxyl  (^H)  together  vith  their 
ionised  forma  (*0"  end  •C^”) . 

The  bond  dissociation  enargies  of  the  principal 
species  present  in  solution  are  shown  in  Table  I*  In  H^O, 
end  *0H,  the  H-0  dissociation  energy  is  100  keel.  or 
greater  which  indicates  high  stability  toward  rupture  or 
chemloal  reaction  involving  that  bond.  The  weaker  bonds 
as  indicated  in  Table  I  are  the  0-0  bond  in  HjOj  (56  koal.) 
and  the  U-C  bond  in  HOj*  (3$  koal.). 

The  electron  affinities  of  >0K,  HO2*  and  O2  are 
tabulatnd  in  Table  11.  These  values  indioats  that  both 
•0U  and  HOj'  a;:e  powerful  oxidising  agents  and  that >0^“ 
oan  act:  as  a  reducing  agent  by  supplying  79  koal.  It  is  the 
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*  319 

reducing  power  of *0.^  which  leads  to  the  chain  reaction  of 
hydrogen  peroxide. 

The  most  thoroughly  studied  metal  ion  catalysed 
decomposition  reaction  of  hydrogen  peroxide  has  been  carried 
out  using  the  ferrous-ferric  system.  The  energetics  of  the 
individual  steps  involved  have  been  compiled  by  Uri^  and 
are  presented  in  Table  Ill  along  with  the  known  rate  constant!. 
The  ratio  of  k^/k.,  was  found  to  be  1.0  at  pH  2.6  and  decreased 
at  lower  pH  values  (probably  due  to  protonation  of*^  ) 1 
Since  most  of  the  rate  constants  for  this  partial  seriea  of 
reactions  are  as  yet  unknown*  a  more  thorough  discussion  of 
the  kinetics  is  not  warranted,  One  of  the  main  problems  in 
a  discussion  of  transition  metal  ions  is  that  the  free  Ion 
is  rarely  present  in  solution.  Instead*  thara  is  some  form 
of  complex  with  the  solvent  or  anions  in  solution.  In  the 
ferric-ferrous  system*  for  example*  the  coordination  number 
is  6  for  eaoh  Ion  end  may  include  water*  hydroxyl  ions  end 
other  enlons  in  solution.  Zf  each  fora  is  the  hexehydrate* 
then  the  system  would  be  well  characterised  by  a  single 
redox  potential*  but  this  is  unlikely. 

The  ec id-base  equilibrium  Involved  in  hydrogen 
peroxide  reactions*  excluding  metal  ions*  are  seasonably 
well  established.  Than*  values*  shown  in  Tabla  IV)*  indicate 
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£bvaC  \ y  xi l  o  wiuug  i.u  &u  iu Lj,uhv  ^pn  ^  oniy  cne  proconftCfln 
forms  of  •  0  ;  HO,  m i  ' 0  and  HQ«  need  to  be  considered, 

(b)  in  neutral  solution  HO^ *  is  largely  ionised,  and  (c)  in 
strongly  basic  solutions  *0K,  HOj *  and  are  at 

least  partially  ionized.  It  is  obvious  that  these  equilibria 
lead  to  a  multiplicity  of  reactions,  few  of  which  can  ba 
neglected. 


One  example  will  serve  to  illustrate  the  proliferation 
of  competing  reactions  upon  ionisation.  In  basic  solutions, 
the  hydroxyl  "adical  ionizes  to  *0~  anc  2i  ,  followed  by  the 
reaction  of  *0“  with  0^  to  give  the  osonida  ion,  0^.  The 
series  o£  sight  reactions  shown  in  Tabla  V  explain  why  there 
have  been  reports  in  the  literature  of  smelling  oaone  in 
peroxide  solutions. 

To  study  the  reaction  mechanisms  of  hydrogen  peroxide, 
it  is  nscessery  to  generate  sufficiently  high  concentrations 
of  the  intermudiates  for  obsarvation  by  aoma  analytical 
techniqua.  Pulse  radiolysis,  flash  photolysis  and  rapid  flow 
systems  are  currently  producing  valuable  data  on  these  systems. 
A  summary  of  the  transients  observed  is  presented  in  Table  VI, 
some  of  their  most  important  rate  oonstant?  in  Table  VII,  and 
optical  absorption  data  in  Table  VIII. 
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The  hydroxyl  radical  is  one  of  the  meet  reactive 
chemical  species  known.  It  can  abstract  hydrogen  stoma  cr 
electrons  from  virtually  any  organic  or  inorganic  compound 
to  form  a  bond  whose  energy  is  over  120  kcal./mola.  In  high 
strength  hydrogen  peroxide  solutions,  practically  all  hydroxyl 
radicals  formed  by  any  means  would  rasot  with  hydrogan  peroxide 
(k  “  4.5  x  10  M  tec  )  to  generate  the  somewhat  less  reactive 
jierhydr'-xyl  radical. 

(5. ;  *Ch  ^  H,,00  -  -c  ’ 

When,  in  addition  to  hyd^vgan  oeroxide,  there  are 
inorganic  and/or  organic  additives  it.  solution,  the  ohemiatry 
can  bacon*  nuoh  wtore  complex.  Teblu  XX  pj.eaents  the  rate 
constant*  for  the  reaotlon  of  hydroxyl  radicals  with  the  halide 

Iona  Cl“,  rr"  and  I*.  No  reaction  with  the  fluoride  ion  la 

\ 

I  ■  • 

(2)  'OH  a*  ■*  *0H  +  X* 

(where  X  Cl,  Br  or  I) 

predicted  or  has  bean  found.  The  reaction  of  hydroxyl  radical* 
with  chloifide  ions  id  very  asnaitiva  to  pH,  being  almost 
diffusion  controlled  in  sold  solution  and  severe!  order*  of 
magnitude  ulovev  in  neutral  solution. 
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Only  a  few  studies  have  been  reported  bo  far  on  the 
oxidation  rates  of  metal  ions  by  hydroxyl  radicals.  These 
are  shown  in  Table  X  and  indicate  very  rapid  reactions  vith 
such  Iona  aa  Fe+2,  FaCCN^*4,  Sn+2,  Tl+1  and  Ce*3.  Inorganic 

anions  such  as  CQ^",  CNS”,  NO 2 ”*  SO HSO^",  and  HSQ^"  are 
also  oxidised  by  hydroxyl  radicals  with  rate  constants  ranging 
from  107  to  10^  a&  shown  in  Table  XI, 

Whereas  the  reactivity  of  the  hydroxyl  radical  is 
now  rsasonabiy  wall  characterized,  t»uch  la  not  the  case  for 
the  longer  lived  perhydroxyl  radical.  The  main  facta  known 
about  perhydroxyl  are  that  its  pK  -  4.5  +  0,2  and  that  the 
termination  reaction*,  3  and  4,  have  rate  constants  of 

(3)  H02‘  +  H02*  -  HjOj  4  02 

(4)  •02'*  +.02'  -*  02  02" 

3  x  10*  and  3  x  LO7  M"1a#c"2,  respectively.  Therefore,  in 
acid  solution  having  pH  ~  2  and  concentration!  of  tlOj  *  at 

t, 

10*  K,  the  lifetime  of  HO^ »  would  b«  about  3  acoonds.  At 
the  asms  pH,  the  lifaeijua  of  HQ2 1  would  be  about  3  msec  in 
1Q“S  M  H02 •  solutions ,  AU  reactions  of  H0? "  studied  in 
pH  rangea  of  3-7  oust  alio  include  considerations  of  tha 
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•0-  form  sinr.ft  the  raactivitv  of  HO- ’  and  *0-“  would  be 

A 

axpec  t.ftd  to  differ  markedly  * 

Experimental 

The  experimental  scudieo  on  the  stability  of  high 
strength  hydrogen  peroxide  are  divided  into  two  major  section* * 
The  first  describee  work  done  on  container  material-hydrogen 
peroxide  interactions  and  the  second  on  reaction  mechanisms 
it  hydrogen  peroxide  decomposition. 

A.  Container  Material-Hydrogen  Peroxide  Ititeractione 

The  ideal  container  material  for  high  strength 
hydrogen  peroxide  should  have  a  surface  whj^ch  in  no  way 
contributes  to  the  decomposition  of  the  hydrogen  peroxido 
container  therein.  The  best  candidates  having  inert  surfaces 
are  metals  which  form  a  continuous  insoluble  oxide  coating; 
glass  in  which  catalytic  sites  have  been  passivated;  and 
plastics  having  no  reactive  functional  groups*  From  these 
groups;  aluminum;  pyrex  glass ,  polyethylene  and  "Teflon1^ 
were  chosen  frr  detailed  study  with  reopect  to  stability 
toward  90%  hydrogen  peroxide. 

1.  Aluminum  -  High  purity  aluminum  (99 .6%  or  greater) 
is  considered  to  be  one  vf  the  best  container  materials  for 
high  strength  hydrogen  peroxide.  The  normal  treatment  prior 
to  use  includes  washing,  oxidising  with  nitri.c  acid,  steaming 
to  seal  the  oxide  pores  and  rinsing  with  high  strength 
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hydrogen  peroxide.  In  order  to  maintain  long  term  stability, 
the  oxide  costing  formed  in  this  manner  ahould  not  be  weakened 
on  « tending  in  contact  with  the  peroxide. 

A  typical  aluminum  composition  used  is  Type  1060 
which  hart  impurity  limits  of  0.25%  Si,  0.35%  Fa,  0.05%  Cu, 

0.03%  Mn,  G.03%  Mg,  0.05%  Zn,  and  0.03%  Xi.  Although  the 
impurity  levels  appear  to  be  very  low,  only  a  trace  of  iron 
or  copper  contamination  in  the  peroxide  could  cause  considerable 
catalytic  decomposition. 

The  resistance  of  a  passivated  aluminum  1060  surface 
was  tested  in  the  following  manner.  Small  stripe  of  aluminum 
(1/2"  x  2"  x  1/32"  thick)  were  exposed  to  nitric  acid,  then 
dyed  by  immersing  in  a  hot  aqueous  solution  of  "Pontamine" 

Fast  Turquoise  8GLA,  than  sealed  by  exposure  to  steam  for 
1/2  hour.  Tha  blue  dya  was  added  as  e  tracer  to  follow  tha 
condition  cf  the  oxide  film.  After  a  final  wash,  tha  test 
stripe  ware  exposed  to  90%  hydrogen  peroxic  at  65eC.  Ten 
minutes  exposure  of  the  passivated  aluminum  to  tha  hot  peroxide 
solution  caused  complete  bleaching  of  the  blue  surface. 

It  is  apparent  that  a  surface  treated  in  the  usual 
manner  Is  not  oompletaly  scaled.  The  additive  may  be  free 
to  migrate  out,  the  peroxide  may  diffuse  in  and  destroy  the 
dye,  or  both  effects  may  be  operative.  In  either  event,  un 
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extensive  study  cn  the  nature  of  the  oxide  coating  on  aluminum 
cunuiuera  wouiu  dw  required  to  datamine  iilia  rata  of  pai'C/viur 

attack. 

A  series  of  high  purity  aluminum  foils  (99. 45  - 
99.9997.  Al)  were  exposed  to  90%  hydrogsr.  paroxida  at  66*C 
for  times  up  to  300 hours.  The  degree  of  surface  attack  on 
these  samples  was  studied  by  Mr.  N.  A.  Nielsen  of  the  Du  Pont 
Engineering  Department  using  optical  and  electron  microscopy. 
Results  of  these  studies  are  reported  in  Appendix  A. 

Two  routes  are  available  for  increasing  tha 
acceptability  of  al-  minum  containars .  Ons  method  is  to  use 
higher  purity  aluminum,  and  the  other  is  to  increese  the  quality 
of  the  oxidizing  treatment. 

2.  Pyrex  Glass  -  P.yr-  .<  and  quartz  are  regarded  as 
excellent  container  materials,  . 1  though  In  seme  esses  the 
possibility  of  breakage  may  preserv  a  problem.  Surfaces  of 
these  materials  must  be  scrupulous  >  cleaned  as  in  the  case 
of  aluminum.  Washing  with  hot  nitric  acid  and  distilled  water 
followed  by  a  rinse  with  high  strength  hydrogen  peroxide 
usually  provides  a  passivated  surface. 

Data  taken  on  thy  decomposition  of  90%  hydrogen 
peroxide  in  a  passivated  and  unpassivatsd  pyrax  bottle  are 
presented  in  Figure  1  for  comparison  with  "Teflon"  FEP  containers. 


-  10  - 
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The  value  Ctl!  1*067.  decompoa ition  per  week  at  66’C  for  e 

passivated  container  compares  favorably  with  the  rate  of 

«  *1 

1.0%  reported  in  the  literature."" 

3.  Polyethylene  -  At  room  temperature,  polyethylene 

has  a  very  high  rating  for  compatibility  with  90%  hydrogen 

peroxide.  However,  at  ite  netting  point,  a  detonation 
38 

reaction  occurs. 

Analyses  of  the  surface  of  polyethylene  samples 
were  carried  out  using  a  Wilke  Modal  12  double-beam  internal 
reflection  attachment  for  the  Perkin-Elmer  221  infrared 
spectrophotometer.  Use  of  this  instrument,  shown  in  Figure  1, 
allows  film  samples  to  be  alternately  exposed  to  high  strength 
hydrogen  peroxide  solutions  end  then  analysed  without  altering 
the  surface.  Figure  2  shows  the  equipment  used  for  exposing 
the  film  samples  to  90%  hydrogen  peroxide  at  various 
temperatures.  The  holders  are  constructed  entirely  of  "Teflon." 

The  relative  rate  of  attack  of  polyethylene  by  90% 
hydrogen  peroxide  at  50*C  and  70*C  is  shown  in  Table  XII.  The 
results  indicate  a  very  strong  temperature  dependence  for 
the  growth  of  the  C-0  band  at  1050  cm  ^  and  the  C**0  band  at 
1710  cm”^,  and  a  somewhat  slower  rate  for  the  C*0  band  at 
1640  cm-*  and  the  O-H  band  at  3400  cm 
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A  comparison  of  the  rat*  of  oxidatlo;.  if  linear  end 
branched  polyothylana  by  90%  hydrogen  peroxide  at  70*C  wen 
elao  carried  out  by  attenuated  total  reflectance  (ATR)  analysis, 
Date  preeented  in  Tables  XIZZ  end  XIV  show  that  the  free 
oerbonyl  at  1710  cm"1  which  forma  readily  in  branched  poly¬ 
ethylene  is  completely  ehaent  in  oxidieed  linear  polyethylene. 

Infrared  absorption  apectra  taken  on  the  film  a amp loo 
showed  no  C-0,  OO  or  0-H  absorption  indicating  thet  the  attack 
wee,  in  fact,  only  at  the  surface  of  the  film  sample.  Zn  view 
of  the  mechanism  of  hydrogen  peroxide  decomposition,  it  is 
expected  thet  attaok  by  hydroxyl  radicals  would  start  tha 
oxidation  of  polyethylene.  Continued  oxidation  oan  then  occur 
at  tha  functional  group  leading  to  a  rapid  chain  reaction. 
Therefore,  polyathylene  containers  should  be  considered 
unsuitable  for  high  st-angth,  hydrogen  peroxide  at  elevated 
temperatures . 

4.  Fluorocarbon  Polymers  -  "Teflon"  films  were  studied 
using  the  seme  ATR  equipment  and  exposure  technique  described 
for  polyethylene  films.  Exposure  of  "Teflon"  film  to  90% 
hydrogen  peroxide  for  500  hours  at  70*C  generated  no  change 
in  the  surface  composition  observable  by  ATR  analysis. 

Similar  studies  were  carried  out  on  an  experimental 
parfluoroaulfonlc  acid  ion  exchange  membrane.  Aa  shown  in 


Figure  3,  thura  iu  u  growth  oi  u  carbonyl  bend  at  1630  cm 
and  a  hydroxyl  band  at  3400  era’ '  altar  2  hours  axposura  to 
907.  hydrogen  peroxide  «t  70 "C .  Tha  hydroxyl  band  ii  dua 
principally  to  tna  absorbed  water  in  the  membrane,  but  the 
oarbonyl  absorption  indicates  definite  oxidation  of  the 
polymer . 

Although  perfluorocarbona  having  functional  groups, 
such  aa  sulfonic  acids,  may  be  unacceptable  in  contact  with 
high  strength  hydrogen  peroxidu  at  elevated  temperatures,  the 
unsubstituted  materials  appear  to  be  exceptionally  stable. 

Quantitative  itudiee  on  container?  fabricated  from  "Teflon"  FEP 

!  ! 

do  not  appear  to  have  been  published  in  the  literature.  For 

this  reason,  "Teflon"  FEP  bottles  were  obtained  for  comparison  i 

tests  with  pyrex  and  aluminum  containers. 

Figure  4  shows  tha  rate  of  oxygen  evolution  from  e 
383-ml  sample  of  907*  hydrogen  peroxide  in  a  "Teflon"  FEP  I 

bottle  at  66°C.  The  rata  observed  was  linear  for  the  period 
studied  (3  hours).  The  constant  temperature  water  bath  together 
with  the  apparatus  for  measuring  the  oxygen  evolved  is  shown  in 
Figure  3.  Also  shown  In  Figure  4  are  the  rates  of  decomposition 
of  90%  hydrogen  peroxide  in  an  unpassivated  pyrex  bottle,  a  i 

passivated  pyrex  bottle  and  an  irradiated  "Teflon"  FEP  bottle  t 

-2  2  I 

(dose  *  1.3  x  1C  kcal./cm  ).  The  experimental  setup  fur  ] 
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irradiating  ch*  "Teflon"  FEP  battle  with  2  tiev  electron#  from 

a  resonant  transformer  ia  shown  in  Figura  6. 

The  decomposition  rate  data  ia  summariisad  in  Table  XV 

for  a  number  of  aluminum  alloys,  pyrax  and  "X.  if  Ion"  FEP- 

Hydrogan  peroxide  in  tha  irradiatao  "Teflon"  FEP  container 

has  approximately  one-third  the  decomposition  rnte  as  that  in 

a  passivated  aluminum  container. 

Add.  ional  irradiation  experiments  were  run  on 

"Teflon"  FEP  to  determine  the  optimum  condition*  for  improving 

tha  stability  for  tha  hydrogen  peroxide  contained  therein. 

Figura  7  indicates  that  tha  initial  irradiation  (1-2  minutes 

at  0.5  ma)  gives  most  of  the  improvement  in  atability  >baerved, 

At  low  doias  of  irradiation,  the  physical  properties  of  "Teflon" 

FEP  are  not  changed  significantly  but  at  high  doses  (6.6  x  10"*^ 

2 

kcal./cm  )  tha  plastic  changes  to  a  vtry  brittle  structure 
(sea  Figura  6) . 

To  determine  the  feasibility  of  retaining  the 

stability  and  the  physical  strength  in  the  low  dose  irradiation 

experiments,  a  series  of  "Teflon"  FEP  films  were  studied.  As 

~2  2 

shown  in  Table  XVI,  doss  rates  of  up  to  2.0  x  10  kcal./ca 
in  air  at  40*0  reault  in  films  which  are  still  very  pliable 
(>  3007,  elongation)  and  tough  (13  lbj.  break  strength  for  a 
1"  wide  film  .005"  thick). 
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The  affect  of  oxygon  and  vmtor  vapor  on  the  irradiation 
vs.  stability  was  charuc.  tnrixud  by  irradiating  a  number  of 
100 -ml  "Teflon"  FEP  bottles  under  controlled  conditions.  The 
elimination  of  both  oxygen  and  water  vapor  wai  accomplished 
using  s  dry  argon  purge  during  irradiation  at  both  room 
temperature  and  230*C.  Decomposition  tssts  after  irradiation, 
shown  in  Table  XVII,  Indicate  very  small  changes  with  doses 
of  6.6  x  10"  snd  1.3  x  10“  kca?./cm  .  The  effect  of  oxygen 
in  the  absence  of  water  vapor  was  carried  out  using  a  dry 
oxygen  purge  during  irradiation.  A  dost  of  1.3  x  10  kcal./cm 
gave  an  enhancement  of  stability  from  1.5%  dacomposition/weak 
to  0.48%.  The  effect  of  water  in  the  absence  of  oxygen  was 
determined  by  filling  a  bottle  with  degassed  water.  A  dose  of 
1.3  x  10  keel. /cm  gave  sn  enhancement  of  stability  from 
1.8%  derompoaition/woak  to  1.1%.  An  air  purge  gave  results 
essentially  tlic  same  an  an  oxygen  purgu  during  irradiation. 

These  results,  which  ere  summarised  in  Table  XVII,  indicate 
that  a  low  doaa  of  electron  irradiation  in  an  oxygen  atmosphere 
at  room  Lamporatura  produces  ths  maximum  degree  of  stability 
for  90%  hydrogen  paroxids  solutions. 

B.  Reaction  Mechanisms  of  Hydrogen  Peroxide  Decomposition 
It  has  been  well  established  that  pure  hydrogen 
peroxide  io  a  very  stable  material.  Therefore,  the  decomposition 
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studies  requir*  an  initiator  to  atari  the  chain  reaction.  Thia 
initiation  a  tap  may  involve  ;*>  a  reducing  agent,  (b)  an 
oxidising  agont,  (c)  ultraviolat  radiation,  or  (d)  alactron 
irradiation*  Thaaa  initiators  laad  to  tha  following  sarias  of 
raactionai 

(5)  M+x  +  K,0,  -  M+(“X  +  ^  +  'OH  +  OH" 

9m  L 

(6)  M+X  +  H202  -  M+(x  “  l)  +  H02*  +  H* 

(7)  H202  ^  2  -OH 

(8)  H202  *-  OH"  +  *0H  (+  other  fragmants) 

Experimental  studies  were  carried  out  on  a  model  reducing  system 
using  titanous  chloride,  a  modal  oxidizing  system  using  eerie 
salts,  and  a  photochemical  system  using  2537  A  irradiation* 

Each  of  these  reactions  aids  in  the  unbars  tending  of  the  over-all 
reaction  mechanism. 

1.  Tltanoua  Chloride-Hydrogen  Peroxide  -  Rapio  mixing 

flow  cells  were  constructed  to  study  the  reaction  of  tltanoua 

chloride  v;ith  hydrogen  peroxide  in  an  electron  paramagnetic 

resonance  (EPR)  cavity.  An  early  design  was  made  of  "Teflon" 

as  shown  in  Figure  9  but  was  later  substituted  for  quartz  of 

39 

the  type  described  by  Borg.  The  first  observation  of  a 

free  radical  lntermedlata  in  this  reaction  was  by  Dixon  and  Norman^ 
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hydroxyl  radical.  Uaina  the  ma. mn  fietts*  et  si: 

obaerved  two  linaa  which  they  aaalgned  to  HO^ •  (low  field)  and 
‘OH  (high  field),  Theee  ra^ica] j  art  thought  to  ariaa  aftaply 
from  reactiona  5  and  6. 


(9)  T1+3  .+  H202  -  ‘OH  +  OH"  4-  T,' ,4 

(.0)  ‘OH  +  H202  -HO**  +  H20 


However,  thaaa  aarly  workera  did  not  oonaldtr  the 
following  faaturaa  of  thla  reaction  aohemai 

(a)  Since  the  rata  of  reaction  of  *0H  with 

la  4.5  x  107  M“1aac’1,  the  lifetime  of  fraa 
•OH  In  10  M  H.2C2  would  ba  extremely  abort. 

It  la  probable  that,  a  complex  of  the  'OH  i.i 
formed  Initially  with  the  titanium  Ion  to 
incraaee  lta  lifetime  In  aolutlrm* 

(b)  The  interfering  raaotlon  of  ohlorlda  Iona  with 
hydroxyl  radloala  In  acid  aolutlon  could  l«ad 
to  a  aarlaa  of  radleala  baaed  on  Cl*  reaction# • 

(c)  Since  the  pK  of  H02‘  *  4.5  ±  0.2,  the  lonlatlltm 


of  H02*  oan  not  ba  neglected. 
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(’P  ilm  km  Ijsitnnnil  i»i  the  HU,,'  u>  lhe>  low  Held 

A 

»PR  ■n*ui\u  iun  ami  tim  *011  Lu  t.h*  high  £t«id 
Shsst'pt  i’4n  v«i»*u  Oil  l  *  t.wii  ui.  i  viiui  i  vii  )'* 

Thai*  tt Uo»  may  ba  markadty  altarad  it  aomplaxad 
ttfiw  of  tlm  radical!  axa  pi'aaattft. 


to  clarify  tlm  dalmiia  of  th«  titanoua  chlortda-hydrogan 
pjiMialtla  ita.-tUtii  a  numbor  of  rapid  flow  oKpariraantm  (»  luO) 
w«m  mii  in  vhit-h  Mm  intmiahL  ration  uf  TiQlj,  HjO^  anil  II4 
a<m»tnt*afelan«  wax  a  varlad  whlLa  Uti  IP*  abiorptlun  waa  monitovad. 

4  In  Mnh  attpaHattid-i  two  lltari  eC  tha  illanoua  lolutlon  and 
Im  Ulan  af  fc ha  k/drogau  parttalda  aeluhlun  wait  pvaparad  In 
Hia  pmiufliot!  raiatvolra  aliown  in  flguta  V.  Praaauraa  of 
u*  s'o  1}  p.ii lt|,  of  it t|uh  ovat  klm  aoluttarti  aUtwad  a<Uin«  of 
1H»  iblulUiu  Lh  klta  10  »UlaUkat  mUinv  ohaabar  Ln  about 
1  *iMi«aa«nd  mini  flow  titoi  of  600  aa  i/talnuia. 

Vh*  Ifk  apaotvuM  obiatvad  fot  a  iypUal  mUtuta  of 
Ik)1  M  X Will  lu*1  M  li|0|  la  atmwn  In  rignva  10.  Vila  two 
lint*  at •  aailly  taialvad  and  aatdt  Itawa  a  Una  width  at  half 
aaalaai  ln«anilty  af  abuut  l  |auaa.  Addition  of  0.1  H  aathanal 
to  ttia  .finking  anhivlnit  tmplai.aa  Mm  wlmovvad  two  Una 
If  h|tM  with  klta  vhtaa  linn  apart! urn  of  hydtoaymakhy l . 
lUUMMt  by  add ina  alhaiml.  Urn  tan  Una  hydtaayathy l  ayaouiim 
i«  ntmaadi 
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Thu  effect  of  hydrogen  ion  concentration  on  the  high 
fiold  absorption  ia  shown  in  Figure  11-  At  high  [H+],  the 
high  field  absorption  nearly  disappears,  giving  only  the 
single  low  fluid  line  observed  by  Dixon  and  No  naan.4®  Figure  12 
shows  the  of feat  of  hydrogen  peroxide  concentration  on  the 
high  field  absorption,  in  whloh  there  is  a  linear  increase  of 
intensity  with  respect  to  the  square  root  of  the  hydrogen 
peroxide  concentration.  This  dependence  would  be  expected 
from  the  following  series  of  reactions  Involving  the  superoxide 
ion. 


(9) 

n+J 

+  KjOj  -  It4,4 

+  ‘OH 

+  OH" 

(10) 

'Oil  ' 

*  KaOa  -  HjO  + 

HO,' 

(ID 

HO,' 

+  Oil"  **  Hac  f 

•V 

(12) 

V 

+  «ao2  -  on"  h 

-  oa  + 

•  OH 

(13) 

•v 

*  ,0  "  *  Ha° 
r  * 

V* 

+  Oa  +  2  OH" 

Assuming 

a  if tidy  state  concentration  of  >Q*m  is  attained, 

then 

(•op  -  yjk  C  'OH j  [Kaoa] 


Bpeovrs  run  on  neutral  uolur.ione,  where  the  reaction 
u(  hydvoNyl  with  ohloxlde  ion  would  not  be  expected  to  Interfere* 


Also  gave  the  two  line  pattern,  shown  in  Figure  10.  These 
data,  combined  with  the  pK  and  hydrogen  peroxide  concentration 
studies,  suggest  that  the  high  5J.vi.ci  line  observed  is  . 0 ^ 
and  the  low  field  line  i3  *OH  (or  a  complied  form  of  *CH). 

Stopped  flow  studies  on  the  titanous  chloride -hydrogen 
peroxide  system  were  studied  by  incorporating  a  fast  closing 
(100  Msec)  valve  at  the  exit  of  the  flow  system.  Figure  13 
shows  the  growth  and  decay  observed  in  the  reaction  of 
1.3  x  10”^  M  TiCl^  with  1.3  M  At  point  A,  the  flow  was 

started  by  opening  the  valve.  Solutions  of  equal  proportions 
were  mixed  at  a  combined  flow  rate  of  300  cc. /minute.  The 
maximum  signal  for  a  steady  flow  was  observed  at  point  B, 
approximately  50  msec  after  the  valve  was  opened.  Closing 
the  valve  (point  C)  caused  a  further  increase  in  signal  level 
to  point  Dc  The  transient  radical  concentration  then  decayed 
to  one-half  of  its  maximum  value  in  about  200  msec. 

The  observed  kinetics  of  the  reaction  are  governed 

almost  entirely  by  the  initiation  step  9,  whose  rate  constant 
-1  -1  41 

is  1.5  M  sec  .  Both  the  propagation  and  termination 
reactions  have  rate  constants  from  10'  to  10^  M“^sec"^  as 


shown  in  Table  VII. 
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A  large  number  of  flow  experiments  were  run  with  the 
analogous  ferrous  ion  reduction  of  hydrogen  peroxide  described 
in  Table  III,  This  reaction,  called  Fenton's  reagent,  is  the 
classic  technique  for  generating  hydroxyl  radicals  in  solution 
for  reaction  with  organic  materials.  However,  even  under 
optimum  conditions  of  high  HgQg  concentration  (>  1  M)  and 
low  ferrous  concentrations  (<  10“^  M),  no  transient  radicals 
could  be  observed. 

The  effect  of  added  ferrous  ion  on  the  hydroxyl 
+3 

radical  signal  in  the  Ti  -H^O^  system  was  studied  by  adding 

ferrous  sulfate  to  the  titancus  solution.  Concentration  of 

6  x  10"4  to  6  x  10”3  M  Fer2  in  a  solution  of  10“3  ti  TiCl3 

reacted  with  10  M  ^0 ^  solution  markedly  decrease  the  steady 

state  concentration  of  hydroxyl  radicals,  as  shown  in  Figure  14. 

This  decrease  is  expected  due  to  the  rapid  reaction  of  hydroxyl 

8  -1  -1 

radicals  with  ferrous  ions  (k  *  2.6  x  10  M  sec  ). 

3.  Ceric  Oxidation  of  Hydrogen  Peroxide  -  The  ceric 

ion  oxidation  of  hydrogen  peroxide  has  long  been  used  as  an 

analytical  method  for  the  determination  of  hydrogen  peroxide  in 

various  solutions,  particularly  those  containing  organic  materials 

42 

such  as  tlconols  and  ethers.  Using  a  flow  system  similar  to 

9  10 

that  described  in  the  previous  section,  Salto  end  Blelski  * 
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observed  a  single  line  EPR  signal  with  g  ■  2.01b  and  a  line 

width  or  27  gausb  for  the  ceric  bui£uLes -hydrogen  peroxide 

reaction.  Using  ceric  ammonium  nitrate  and  hydrogen  peroxide 

41 

in  acid  solution,  Pietta,  et  al.  observed  a  single  line 

at  g  *  2.0185  having  a  line  width  of  1  gauss.  Our  studies 

confirmed  these  results  and  showed  very  erratic  effects 

dependent  on  acid  strength. 

The  chemistry  of  the  ceric  ion  is  dependent  on  its 

particular  complex  in  solution.  Ceric  sulfate  in  dilute 

solutions  of  sulfuric  acid  forms  the  sulfato-carate  complex, 

Ce(S0/+)^~^,  whereas  ceric  ammonium  nitrate  is  originally  in 

"2  *pA 

the  nitrato-cerate  form  CaCNO^)^  .  The  only  form  of  Ce 
never  observed  (contrary  to  the  reaotions  normally  written) 
is  that  indicated  as  the  free  ion.  Since  the  reactions  of 
the  cerate  ions  with  hydrogen  peroxide  involve  electron  transfer, 
one  of  the  most  important  properties  of  the  system  Is  ths  affect 
of  complexing  on  the  electrode  potential.  Standard  electrode 
potentials  for  ceric  complexes  vary  from  1.28  to  1.70  volts 
depending  on  the  acid  present  (HC1,  1.28  Vi  l^SO^,  1.44  V) 

HN03,  1.61  Vj  HC104,  1.70  V).43 

To  avoid  the  complex  equilibrium  of  anions  in  the 
ceric  coordination  sphere,  the  reaction  of  the  nitrato-cerate 
ion  with  hydrogen  peroxide  was  carried  out  in  neutral  solutions. 
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A  very  strong  single  line  spectrum  having  a  line  width  of  about 
1  gauss  was  found  which  is  assigned  to  the  superoxide  ion.  The 
reaction  sequence  postulated  lsi 

(14)  Cq(N03)6'2  +  H202  -  Ce(H03)6‘3  +  H+  +  H02 • 

(15)  H02-  b  H+  t  *02“ 

Absorption  spectra  were  taken  on  the  nitrato-  and 
sulfato-ceric  complexes  for  their  analysis  in  the  optical  flow 
cell  (Figure  15).  Figure  16  shows  the  effect  of  sulfuric  acid 
on  the  nitrato  complex.  The  broad  absorption  of  the  nitrato- 
cerate  complex  from  250  to  200  nyi  is  converted  to  that  of  the 
sulfato-cerate  complex  in  1  N  sulfuric  acid  having  at 
320  m The  sulfato-cerata  absorption  ganaratad  from  ths 
nitrato-cerata  (Figure  17)  compareo  favorably  with  that  produced 
from  ceric  sulfate  in  1  N  sulfuric  acid.  Ths  short  wavelength 
absorption  at  240  mM  is  primarily  due  to  the  displaced  nitrate 
ion. 

Figures  18  snd  19  show  the  spsotra  obtained  on  (I) 
unreactsdj  (II)  flowing,  and  (III)  final  (after  complete 
reaction)  solutions  of  nitrato-cerata  and  sulfato-carata  with 
hydrogen  peroxide.  In  each  case,  there  ware  no  new  transient 
absorption  bands  observed.,  and  the  final  spectra  were  identical 
to  those  of  the  flowing  systems  (200  ec. /minute). 
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Of  narr^ular  importance  2c  the  reactivity  u£  the 
superoxide  Ion  with  various  additives  aur>.h  ««  cupric  ions, 
ferric,  ions,  and  methanol.  Table  XVIII  correlates  the  data 
taken  on  these  materials  added  to  the  nitrato-cerate-hydrogen 
peroxide  reaction.  Methanol,  in  concentrations  up  to  3.0  % 
had  no  effect  on  the  superoxide  signal  and  generated  no  n«w 
absorption  lines,  such  as  those  previously  observed  for 
hydroxymethyl  ('CH^OH)  when  hydrcxyl  radicals  are  present  ir. 
the  generating  system.  Ferric  ions  showed  no  effoct  up  to 
10”  M,  but  cupric  ions  dramatically  decreased  the  *0^" 
concentration  even  at  the  1.23  x  10  M  additive  level.  Since 
the  concentration  of  *0^“  in  solution  is  about  lQ-^  M,  then 
the  rate  constant  for  the  superoxide  reduction  of  cupric  ions 
must  be  comparable  to  the  disproportionation  reaction 
(3  x  107  M'W”1) . 

These  studies  provide  an  insight  into  both  the 

catalytic  decomposition  of  hydrogen  peroxide  by  copper  ions 

and  the  inhibition  of  the  decomposition  noted  by  adding  methanol 

AA  A  5 1 46 

to  peroxide  solutions*  *  The  rapid  raact ion  of  cupric  ions 

with  .02‘  gives  confirmation  of  the  reducing  power  of  the 
auperoxlde  intermediate.  The  lack  of  reaction  of  methanol  with 
•02“  suggests  that  the  stabilizing  effect  by  the  alcohol 
functions  through  hydroxyl  scavenging. 
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The  reaction  of  tet rani trome thane  with  the  auperoxide 

/  7 

ion  was  first  studied  by  Henglein  and  Jaspert.  They  noted 
that  the  y-radio lysis  ot  water  produced  a  species  $02~)  which 
reacted  with  TNM  to  produce  the  nitrofom  ion. 

(a)  .Of  +  (N02)4C  -  "C(W03)3  +  02  +  N02 

Further  studies  by  Czapski  and  Bielaki^®  on  electron- irradiated 

aqueous  solutions  indicated  that  neither  TNM  nor  NF"  reacta 

with  hydrogen  peroxide  above  pH  2.  This  lack  of  reactivity 

eliminates  a  large  number  of  secondary  reactions  which  would 

b«  initiated  by  tha  cyclic  reactions  with  hydrogen  peroxide. 

Using  pulse  radio lysis  studies  on  aqueous  TNM  solutions,  Rabani, 

49 

Mulac  and  Matheson  determined  the  rate  constants  for  the 
reaction  of*02“  +  TNM  (k  "  1.9  x  10^  M"1sec"1‘)  and  HC2*  +  TNM  . 
(k  <  2  x  105)  . 

Tha  photolysis  axpsriraents  ware  carried  out  using  a 
low-pressure  mercury  aro  with  the  filter  system  shown  In 
Figure  20  to  isolate  the  2537  A  line.  A  1-co  path  langth 
through  1  atm.  chlorine  gas  plus  a  1-cm  path  length  through  a 
saturated  oolutlon  of  NiSC^-OoSO^  aqueous  solution  gave  an 
absorbance  greater  than  2  from  320  to  550  mM.  In  addition  to 
isolating  the  2537  A  Hg  line,  the  filters  also  prevented 
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Absorption  and  possible  photolysis  of  NF"  by  radiation  in  tha 

35G  j.cgiuu*  CttiibittLiuu  u£  uhw  radiation  inten*i ty  wav 

H# d  by  ff 3c t* tiy y  u*vthcd  c* 

Hatchard  and  Parker.^®  Ultraviolet  arualyjea  of  the  nitroform 
ion  generated  were  obtained  using  a  Cary  14  spectrophotometer 
at  350  Atfi  (*  -  1.5  x  104). 

The  quantum  yield  for  production  of  aitroform  from 
TNM  in  10  ^  M  iUOj  solutions  was  found  to  be  1.13+0.10. 
Assuming  complete  conversion  of  hydroxyl  co  perhydroxyl  and 
trapping  by  TNM,  the  primary  quantum  yield  for  photo lye  la  of 
HjO,  is  one-half  that  for  nitroform  formation  or  0.56  £  0.05. 
Figure  21  shows  both  tha  growth  of  NF"  in  the  early  stages  of 
photolysis  and  the  ultimate  destruction  of  N1‘"  on  continued 
Irradiation. 

Studies  by  Volman  and  Chen, ^  using  allyl  alcohor 
to  trap  the  hydroxyl  radicals  formed  during  photolysis  indicated 
a  primary  quantum  yield  of  0.54  +  0.05.  The  excellent  agreement 
of  yields  based  on  both  hydroxyl  and  perhydroxyl  trapping 
techniquec  indicates  thati 

(a)  Thera  is  quantitative  conversion  of  hydroxyl 
to  perhydroxyl  and 

(b)  There  is  quantitative  trapping  of  superoxide 
and  perhydroxyl  by  tatranitrome thane. 


rn 
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Roctton 

ii 

HOH  -  H-  +  ‘OH 

122. 

H2°2  “  2  *0H 

56 

H202  -  H‘  +H02- 

102 

•OH  -  H-  +  0 

100 
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36 
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TAB LE  IV. 


Ag ld-Baia  SauilibgiA 

flai&ika- 


•OH  +  OH"  h  *0“  4-  HpO  LI. 9  ±  0.2 

**2°2  +  **  H2°  VL*(> 

HO*'  4*  OH"  **  *02“  +  K20  4.5  £  0.2 

H20  •)  H20  -  HjO"  +  "OH  14 

HjOj  4-  OH"  *  H03"  +  HjO  9-10 


Raf  • 


15 

6 

7 


8 
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table  v 


Reactions  Promoted  Bv  *0" 

(L) 

•0“ 

+  °2  *  o3- 

(2) 

O 

1 

•+■  H^O  55  K0^  OH 

(3) 

°3 

T  H202  3  C3  +  “OH  +  *0H 

(4) 

V 

•r  -OH  -  03  +  ‘OH 

(5) 

V 

t-  -02H  a  03  +  “02H 

<6) 

V 

+  H02“  -  03  +  oh"  +  »o" 

<7) 

o 

u 

1 

+  *0“  +  H20  b  0,  +  2  OH" 

(8) 

°3  ■ 

'  02  +0* 

79 

TABLE  VI 
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Generation  and  Observation  of  Peroxide  Fragments  and  Products 


Species 

Postulated 

H0„  * 


Method  of  Observation 

a)  Ge  +  H0O2 

b)  Pulse  radiolysis  of 

aqueous  solutions 

c)  Radiolysis  of  water 


Method  of  Observation*  Ref t 

D  -  EPR  9,10 

D  -  Optical  absorption  3 

spectrum 

I  -  Optical  absorption  8 

spectra  of  products 


•OH 


a)  Pulse  radiolysis  of 
aqueous  solutions 

a)  Pulse  radiolysis  of 

aqueous  solutions 

b)  Ti+3  +  H202 

&)  Pulse  radiolysis  of 
aqueous  solutions 


D  -  Optical  absorption  11 

spectrum 

B  -  Optical  absorption  12 

spectrum 

D  -  EPR  13 

I  -  Rate  of  ferrocyanide  5 

oxidation 


a)  Photolysis  of  hydrogen 
peroxide 


D  -  Optical  absorption 
spectrum 


14 


H2°4 


a)  03  +  H-  I 

b)  Glow  discharge  in  water  Z 

vapor 


Analysis  of  13 

decomposition  product 
Analysis  of  15 

decomposition  product 


H2°3 


a)  Radiolysis  of  water 


I  -  Reaction  with  ferrous 
sulfate 


8 


*Code:  D  -  direct  observation  of  the  species 

I  -  indirect  observation  of  the  species 
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TABLE  VIII 


Optical  Absorption  Data  on  H2O2  Fragments 


Species  ' 

A.  U) 

f  " 

Ref. 

11 

ho2* 

2537 

2300  (max.) 

830  +  125 

1150 

•°2‘ 

2537 

2400  (max.) 

980  -t-  140 

1060  ~ 

11 

•OH 

—  2600  (shoulder) 

CO 

O 

w-l 

* 

12 
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TABLE  IX 


Rate  Constants 

of. Hydroxyl  Radicals  with  Halogen  Ions 

Reactant 

-£2L 

k  teT-sec"1) 

Bill 

Cl" 

0 

4  X 

10* 

ia 

0 

4  x 

10* 

19 

3 

2  x 

107 

19 

Br" 

0 

1.6  x 

ioJ? 

18 

f 

0-2 

3.6  x 

10j° 

20 

7 

1.3  x 

10® 

21 

7 

1.3  x 

i°8 

108 

22 

7 

1.3  x 

23 

1“ 

7 

1.6  x 
~  1.2  x 

109 

109 

24 

25 
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TABLE  X 


Rate  Coni  can ts_  of  Hydroxyl  Badlcala  with  Metal  Iona 


RMCMnt 

...  pH 

k  (M“W“b 

ML. 

F* 

1 

3.0  x  108 

26 

0 

>  108  A 

3.2  x  10! 

27 

1.57 

28 

2.0 

2.6  x  10“ 

2.5  x  10! 

3.2  x  10p 

29 

2.1 

28 

1.0 

30 

FaCCN^g^ 

2.5-10.5 

2.1  x  109 

21 

Sn4'2 

0.1 

2  x  109 

32 

Tl+1 

0.1 

8.5  x  109 

33 

c.*3 

0.1 

2.2  x  108 

33,34 
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TABLE  XI 

Rate  Constants  of  Hydroxyl  Rad icals  with  Various  Anions 


Reactant 

pH 

k  OfVec"1) 

Ref. 

co3- 

7 

8  x  107 

23 

CNS' 

7 

1.3  x  IQ9 

23 

OH" 

3.6  x  10® 

24,35 

no2- 

7 

2.5  x  109 

36 

so3- 

7 

1.2  x  109 

23 

hso3- 

7 

2.1  x  109 

23 

HS04“ 

0.1 

3.3  x  107 

32 

Temperature  Effect  on  Oxidation  of  Polyethylene  Film  by  9 OX  fi 
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Oxidation  of  Branched  Polyethylene  Film  by  90X  HgOj 

Hours  Exposure  to  ATR  Absorption  Puki  (ok*^) 

907.  H2O9  at  70*C  (Relative  Abeorbanoe  Veluefl 
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TAJ3US  XVII 


Efface  of  Electron  Irradiation  of  "Teflon11*  FEF  Container 
_ on  Stability  of  90%  ? I.ydrogen  Peroxide 

Sample  Bottles:  130-ml  capacity 

Volume  of  907.  Hydrogen  Peroxide:  100-ml 

Temperature  for  Measurement  of  Deoompositio  66  ±  1#C 


Sate  of  Decomposition  per  Week 

frentme.nt  o£  "Teflon11  FKP  Bottle  at  66 8C  (7.  of  total) 


(1)  Argon  purge  at  room  temperature 

a)  no  irradiution  „ 

b)  6.6  x  10“3  Uoal./cm2 

c)  1.3  x  lO"2  kcal./enr 


1.3 

1.1 

0.88 


(2)  Argon  purge  at  230 *0 

a)  no  irradiation  . 

b)  6.6  x  lO*'2  Unal./oia* 
a;  2.6  x  10*2  Uoal./cm2 


1.06 

1.09 

0.97 


(3)  Air  purge  *t  room  temperature  ■ 

a)  no  irradiation  .  1.27 

b)  1.3  x  10-2  keel. /am2  0.43 


(4)  Oxygen  purge  at  room  temperature 

a)  no  ivrudiflCioi,  '  1.34 

b)  6.6  x  lO**3  koal./cm2  0.36 

a)  1.3  n  10^'  Httil./J  0.48 


(3)  flottl*  fiiUd  with  (iegauaod  vater 
a)  i.o  in/adiiUion 
b>  6.6  10"^  .<o«J,./cra2 

a)  1.3  >t  ,iQ*2  koal./om2 


1.8 

1.0 
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TABLE  "VIII 


Effect  of  Additives 

i  on  Sunaroxide 

E?R  Absorption 

Mixture 

Flow  Hate . 

Relative  Conce 

Solution  A 

Solution  B 

(ml/min.) 

of  *0^ 

CD 

LO"3  M  (N1H4)2Ge(N03)6 

0.2  M  K202 

300 

63 

(2) 

10“'  M  (NH4)2C»(N03)6 

0.2  M  KjOj 

O 

o 

35 

1^23  x  10“S  M  CuS04 

(3) 

10“3  M  (NH4)2C.(N03)6 

0.2  M 

300 

62 

1.0  x  10**3  M  F«G13 

C4) 

10‘3  M  (NK4)2C.(N03)6 

0.2  M 

1.5  M  Methanol 

300 

63 

(3) 

10'3  m  <SH4)2o«<ros)j 

0.2  M  H202 

3.0  M  Methanol 


300 


63 


PEBOKIDK  ATTACK  r  POLYMER  FILMS 
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FIGURE  5 


CONSTANT  TEMPERATURE  BATH  FOR 
907.  HYDROGEN  PEROXIDE  DECOMPOSITION  STUDIES 
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FIGURE  8 

RADIATION  DAMAGE  TO  "TEFLON"  FEP  BOTTLE 
(DOSE:  6.6  x  10 '2  kcal./cm.2) 
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FIGURE  10 

EPR  SPECTRUM  OF  THE  HYDROXYL  RADICAL 
AND  SUPEROXIDE  ION 
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FIGURE  14 
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CONVERSION  OF  NITRAIO -CERATE  TO  SULFAl’Q -CERATE 


OPTICAL  FLOW  STUDIES  ON  THE  NITRATO-CERAXE.  HYDROGEN  PEROXIDE 


FIGURE  19 

OI'TICAL  FLOW  STUDIES  ON  THE  SULFATO-CERATE,  HYDROGEN  PEROXIDE  REACTION 


FIGURE  20 

iOTOLVSIS  OF  HYDROGEN  PEROXIDE-TNM  SOLUTIONS  USING  FILTERED  2537  A  IRRADIATION 
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As  a  further  development  of  our  suggestion  dated  12/3/64 
it  is  proposed  to  explore  the  possibility  of  storing  small 
volumes  of  high  strength  HgOg  as  follows : 

The  storage  container  should  be  a  jacketed  type  with 
automatic  temperature  control  of  a  sub-zero  jacket  circulating 
medium. 

The  middle  portion  only,  of  the  Hp02  storage  volume  should 
be  fitted  with  a  group  of  very  small  diameter  electrical  immer¬ 
sion  heaters.  These  would  be  sheathed  in  99*6-$  pure  aluminum. 

Precision  differential  temperature  control  between  the 
liquified  middle  portion  and  the  frozen  outer  portion  of  the 
stored  H2O2  would  be  required.  This  would  provide  constant 
equilibrium  to  maintain  the  desired  liquid/frozen  condition 
with  minimum  heater  surface  area  and  heat  input. 

The  feasibility  of  this  idea  might  be  determined  in  the 
Research  Laboratory  using  water  instead  of  H202  at  f irst •  In 
order  to  do  this,  the  following  is  suggested: 

a.  Purchase  several  suitable  small  Aerorod  immersion 
heaters  and  thermocouples  as  required. 

b.  Install  a  suitable  water  container  in  the  "Coldspot18 
deep  freeze  cabinet  presently  used  by  Dr.  Pinkney 

in  Lab .  206 . 

c.  Fit  the  above  deep  freeze  unit  with  a  temporary 
Insulated  cover  with  observation  window,  etc. 

d.  Hook  up  a  suitable  differential  temperature  control 
system  (see  sketch  FBB-1465)  using  the  Precision 
Temperature  Control  unit  now  located  in  Lab.  105 
and  presently  used  by  Dr.  Roe. 

Research  should  furnish  adequate  assistance  as  required. 
Expenditures  for  material  is  estimated  at  lees  than  $350. 

Time  involved  for  the  initial  tests  with  water  would  probably 
not  exceed  one  or  two  weeks  after  completion  of  the  equipment 
3et  up . 


F .  B.  Bjarnow,  Process  Engineer 
Project  Engineering  Section 
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SOLID  HoO?  CONTAINER  SURFACE 
P.  C.  Hoell 


The  problem  of  measuring  the  absolute  decomposition 
rate  of  liquid  HpOo  at  various  temperatures  requires  that  the 
.K2O2  be  contained  in  a  solid  (frozen)  shell  of  the  same 
material  in  order  to  avoid  catalytic  reaction  with  any  foreign 
substance .  Given  a  means  of  forming  and  maintaining  such  an 
ice  shell,  there  remains  the  problem  of  heating  the  contained 
liquid  in  such  a  way  as  to  produce  a  still  temperature  gradient 
at  the  periphery  of  the  container  with  an  essentially  uniform 
bulk  temperature . 

Calculations  and  scouting  experiments  with  water, 
whose  dielectric  and  thermal  properties  are  similar  to  H202j 
show  that  advantage  can  be  taken  of  the  great  difference  in 
dielectric  I033  between  the  solid  and  liquid  states  in  a 
microwave  field  to  heat  the  liquid  core  selectively.  For 
example,  the  loss  factor  for  water  at  1.5°C.  is  ICh  times  that 
of  ice  at  -12 °C.  at  a  frequence  of  3000  Me.  Moreover,  the 
loss  factor  is  greatest  at  the  lowest  liquid  temperature 
(l.e.,  at  the  Ice-liquid  interface)  decreasing  by  a  factor 
of  2  at  25°C.  Further  advantages  of  using  microwave  energy 
as  the  heat  source  are  that  it  is  nonrilrectlonal  and  is 
absorbed  equally  about  the  entire  interface  region,  it  is 
of  sufficiently  low  photon  energy  not  to  induce  decomposition 
by  electronic  excitation,  and  it  does  not  involve  direct 
contact  of  the  lqiuid  with  any  foreign  material.  In  addition, 
because  the  microwave  field  is  rapidly  attenuated  by  the 
liquid  (more  than  half  the  absorbed  energy  is  dissipated 
within  1-cm  of  the  ice-liquid  Interface),  there  is  relatively 
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little  redid  heat  transfer  from  tee  liquid  core  and  a  vary 
•.mall  bulk  :  .mperatare  grad lane  should,  therefore,  obtain, 
la  .a  experiment  wish  a  microwave  "oven, "  about  200-cc  of 
v.car,  starting  at  20 °C,  was  brought  to  a  boil  while  a  block, 
of  ice  of  the  same  site  remained  frozen,  at  a  few  degrees 
below  zero.  The  use  of  mic-  v.ve  heating.,  however,  requires 
that  the  materials  used  to  enclose  the  H2C2  system  and  to 
refrigerate  it  have  low  dielectric  less.  Such  materials 
include  glass,  quartz  (preferred),  ‘’Teflon'’^  and  polystyrene 
at  structural  materials,  and  liquid  diatomic  gases  (e.g.,  N2) 
and  certain  "7r eons' ^  as  the  refrigerant.  The  use  of  simple 
paraffins  is  feasible  but  probably  hazardous. 


C.r'  aula  tier,  c-f  "-’uilibrium  renditions 


because  the  microwave  energy  absorption  is 
concentrated  about  the  periphery  of  the  liquid  core,  it  appears 
that  little  temperature  gradient  will  caist  throughout  the 
bulk  of  the  liquid.  Upon  this  assumption,  the  model  shown  in 
igure  1  is  taken  as  a  fair  representation  of  the  actual 
coma try  that  would  obtain  and  the  equilibrium  conditions  may 
ba  approximated  for  water  by  the  following  computation: 

Assuming  certain  values  for  the  effective  vertical 
surface  area  of  the  liquid  core,  the  effective  height  of  the 
core,  and  its  mean  temperature,  the  rate  of  heat  flow  outward 
through  the  "liquid  heat  transfer  layer"  is  given  by: 

t'-rZr)  it )'n  (vJ“ 


N  N 
gr  pr 


wnere 


«  I-Ieat  transfer  rate,  watts 

k  «■  Mean  thermal  conductivity  of  liquid  heat 
transfer  layer,  PCU/ (hr.) (ft.) (°C) 
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Let 


-  4  - 

k  <15°C) 

-  0.335 

P  (15 °C) 

*»  62.5 

AT 

»  30°C 

£  (15°C) 

-  1.41 

P  (15°C) 

»  2.76 

Gr  .  1 


N  „  (0. 025) 3 (62. 5) 2  (1. 41  ■  10~4) (30) (4.17 

sr  (2. 76) 2 


10°) 


1.4  *  10' 


C  «  0.2 
a 


n  «*  1/4 


]  (0.':35^  (0.4)  (0.2)  (30) 

( 0.025  \1/9 

(1.4  104) (2.76) 

L  (1.9)  (,0.025) 

l°'5i  i 

0.335 

1/4 


222  watts 


The  heat  transfer  rate  through  the  ice  layer  is  given. 


kiAiATi 

Q.  **  -  watts 

1  1.9  xt 
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where 


■  Mean  thermal  conductivity  or  the  ice  layer 
“  Mean  area  of  ice  layer 
AT^  “  Temperature  difference  across  ice  layer 
x^  ■  Thickness  of  ice  layer 


Assuming  the  -external  surface  temperature  of  the  ice 
layer  to  oe  controlled  by  suitable  refrigeration  to  (-100°C), 
ar.a  given  the  geometry  and  heat  load  of  the  above  example 
(222  watts) ,  then 

A.  -  1.57  x.  +  0.4 
i  x 

ki  “  0.69  (-50°C) 

AT  -  100°C 


«i 


222 


(0.69)  (100)  (1. 57  xi  +  0.4) 
(1.9)  xt 


x^  -  0.088  ft.  or  1.05  inches 


The  temperature  profile  of  such  a  system  should  appear 
somewhat  as  shown  in  Figure  2. 
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APPENDIX  III 


Concentration  of  90#  H202  by  Crystallization 


A.  Theory 

This  discusaLon  will  be  limited  to  H202  concentrations  above 
about  6l.2$6  and  temperatures  above  about  -56.1°C.,  which  are 

the  coordinates^of  the  second  eutectic  in  the  system  hydrogen 
peroxide-water  (Figure  1). 

Solid  and  liquid  phase  compositions  obtained  on  partial 
freezing  of  H^Op  solutions  have  long  been  debated.  Some  investi¬ 
gators,  particularly  as  a  result  of  early  work,  concluded  that 
the  solid  phase  consisted  of  a  solid  solution  of  iH^Og-HpO,  and 
that  both  solid  and  liquid  phase  compositions  varied  with 
temperature.  Such  "solid  phase  compositions"  are  indicated 
by  the  dotted  line  in  Figure  1.  This  presumed  equilibrium 
relationship  1b  the  basis  for  the  explanatory  discussion  in  the 
Becco  patent  (U.S.  Patent  2,724,640)  on  their  continuous 
countercurrent  crystallization  process  for  the  concentration 
of  H2O2  solutions. 
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The  weight  of  more  recent  evidence,  however,  denies  the 
formation  of  solid  solutions  and  indicates  that  the  solid  phase 
consists  of  pure  ?I2 02(1) .  At  the  same  time  it  is  stated  in  the 
same  referenced)  as  a  fact  that,  "except  for  the  most  dilute 
and  most  concentrated  solutions,  the  solid  obtained  by  the 
partial  freezing  of  hydrogen  peroxide  solutions  contains  both 
water  and  hydrogen  peroxide,  even  under  conditions  encouraging 
attainment  of  equilibrium".  This  is  attributed  to  occlusion 
within  the  solid  of  liquid  of  the  same  concentration  as  the 
free  liquid  (mother  liquor) surrounding  the  solid.  Attempts  to 
demonstrate  analytically  that  the  solid  phase  itself  is  100# 

H2O5  are  thus  hampered  by  the  difficulty  of  separating  the 
solid  and  liquid  phases.  This  is  true  regardless  of  the 
possible  occlusion  of  liquid  actually  within  the  solid. 

There  is  no  disagreement  as  to  the  composition  of  the  liquid 
phase  in  equilibrium  with  a  solid  phase  at  a  given  temperature. 
Liquid  phase  compositions  are  as  she.:;-  on  the  "freezing  point" 
curve  in  Figure  1;  l.e.,  as  the  h.../. vorature  of  the  slurry  varies, 
the  mother  liquor  concentration  :cl_o'.va  the  -reezing  point  curve. 

In  our  -reproach  to  concent rati cm  by  c.vv  ;allizatL  on,  it  was 
reasoned  that  filtration  to  remove  excess  rr.ow.er  liquor  would  of 
necessity  leave  the  crystals  still  wet  with  mother .liquor.  The 
average  composition  of  the  filter  cake  would  thus  depend  upon 
the  degree  of  mot  .ar  liquor  separation  achieved.  In  laboratory 
trials,  with  fiviratior.  on  a  fritted  glass  BUchr.er  funnel, 
average  flit cake  compositions  were  in  general  somewhat  higher 
than  the  "sox.d  phase  compositions"  shown  by  the  dotted  line  in 
Figure  i,  It  was  .urther  reasoned  that  displacement  or  replace¬ 
ment  of  the  mother  liquor  remaining  on  the  crystals  with  a 
stronger  liquid  phase  by  a  crystal  washing  step  would  result  In 
an  effective  increase  in  average  KpOo  concentration  of  the 
filter  cake. 

It  was  recognized  that  such  a  crystal  washing  step  would  be 
mere  complex,  than  a  simple  displacement  wash.  For  the  wash 
solution  to  be  at  a  higher  Ho0 9  concentration  than  the  mother 
licuor  on  the  crystals,  it  mtist  necessarily  be  at  a  higher 
temperature.  Thus,  as  the  relatively  warm  wash  solution  passes 
through  the_ filter  cake  it  is  subjected  to  cooling  by  contact 
with  the  cold  crystals,  which  tends  to  induce  crystallization 
from  t ne  wash  solution.  At  the  same  time  the  warming  effect  on 
the  crystals  tends  to  induce  crystal  melting  to  establish 
equilibrium  at  a  new  temperature.  In  addition  to  the  heat  ex¬ 
change  from  the  temperature  difference,  heat  will  be  liberated 
or  absorced  upon  crystallization  or  crystal  melting,  respectively. 

The  crystal  washing  step  may  then  be  considered  to  be  a 
displacement .wash  modified  by  the  various  effects  listed  above. 

Tne  extent  of  the  modification  will  depend  upon  the  speed  with 
whicn  o:.a  actual  wash  is  carried  out.  In  any  event,  upon 
completion  of  the  physical  act  of  washing,  the  above  temperature 
exchanges  will  continue  to  take  place  until  final  equilibrium 
is  reached  or  until  the  system  is  further  upset  externally  by 
subsequent  handling  operations. 

(x ) "Hydrogen  Peroxide",  ACS  Monograph  Series,  Relnhold,  19pp. 
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The  product  concentration  obtained  in  a  process  involving 
crystallization,  filtration  and  crystal  washing  will  be  primarily 
dependent  upon  the  strength  of  the  wash  solution  and  the  efficiency 
of  separation  of  the  solid  and  liquid  phases.  Practical  attainment 
of  concentrations  within  the  9&-100#  H2O2  range  depend  further  upon 
the  truth  of  the  theory  that  the  crystals  themselves  are  100#  H2O0 
and  upon  the  extent  to  which  mother  liquor  might  be  occluded  within  the 
solid  phase  in  such  a  way  that  it  is  inaccessible  to  the  wash  solution. 

B.  Experimental  Procedure 

1 .  Crystallization  Process 

The  general  procedure  followed  in  the  laboratory  investiga¬ 
tion  of  H2O2  concentration  by  crystallization  was  as  follows ; 

a.  Cool,  with  stirring,  in  a  beaker  immersed  in  a  dry 
ice  -  tri  bath  until  crystallization  occurs.  Continue 
cooling  the  crystal  slurry  with  stirring,  until  the 
desired  temperature  is  reached. 

b.  Discharge  the  crystal  slurry  to  a  fritted  glass 
Buchner  funnel  on  a  suction  flaBk. 

c.  Apply  suction  to  remove  "excess"  mother  liquor. 

d.  Release  vacuum  (to  permit  complete  coverage  of  filter 
cake  with  wash  solution)  and  add  wash  solution  which  has 
been  pre-cooled  to  about  its  freezing  point. 

e.  Reapply  suction  to  draw  the  wash  solution  through  the 
filter  cake  and  to  remove  the  wash  liquor  as  completely  aB 
possible. 

f.  Discharge  the  washed  filter  cake  product  from  the 
filter  to  a  pyrex  container  covered  with  aluminum  foil. 

Let  the  product  melt  to  insure  uniformity  for  analysis. 

g.  Analyze  product,  and  intermediate  product  samples  arid 
liquors  as  desired,  for  %  HgO^. 

The  following  notes  and  explanatory  comments  apply  to  the 
above  general  procedure : 

a.  A  Btainless  steel  spatula  was  used  to  stir  the 
crystal  slurry.  With  this  exception,  only  glass  equip¬ 
ment  was  used. 

b .  •  At  the  lower  crystallization  temperatures  used,  the 
"olui'ry"  has  the  approximate  consistency  of  wet  snow  and 
contained  little  "excess"  mother  liquor  which  was 

jj,  removable  on  filtration. 

c.  The  wash  solution  was  in  general  applied  incrementally 
releasing  rue  vacuum  between  Increments,  because  of  filter 
capacity  limitations  and  efforts  to  handle  maximum  size 

batches . 

d.  strength  determinations  were  made  by  standard  potassium 
permanganate  titration  In  the  presence  of  sulfurib  acid. 
Sample  size  wao  8  drops,  about  0.4  gram,  weighed  to  four 
decimal  places.  KMn04  strength  wao  approximately  0,5  normal, 

giving  tit era  of  40-50  ml. 
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EFFECTS  OF  90  PERCENT 
HYDROGEN  PEROXIDE  UPON  ALUMINUM  SURFACES 


I .  Introduction 

Aluminum  of  99*6#  purity  is  the  common  material  of 
construction  for  containers  whieh  are  designed  fen  leng-term 
storage  of  high-strength  H2O2.  It  has  been  designated  a 
Class  1  material,  highly  compatible  with  high-strength  H202 
and  causing  minimal  catalytic  decomposition. 

The  present  study  has  provided  an  opportunity  to 
determine  just  how  inert  aluminum  of  various  purities  is  when 
'in  contact  with  90$  HaC2.  The  techniques  of  light  and  electron 
metallography  have  been  -used  to  examine  surface  changes  brought 
about  by  exposure  to  the  hydrogen  peroxide.  (It  wa3  not  possible 
to  get  reliable  data  comparing  the  aluminum  samples  in  their 
abilities  to  catalyze  decomposition  of  the  90$  hydrogen  peroxide. 
This  was  in  all  cases  minor  relative  to  the  decomposition  which 
occurred  on  the  glass  surfaces  of  the  test  apparatus.) 


II .  Experimental 

'Materials  used  included  aluminum  in  the  following  forms 
and  purities: 

storage  drum  for  90$  H2O2  (99.6$  Al) 

single  crystal  (99.995$  Al  from  Semi -Elements,  Inc., 
Saxonburg,  Pa.) 

single  crystal  (99. 5&  Al,  0.5$  Cr  from  Semi -Elements, 
Inc . ) 

2S  sheet  (99-+$  Al) 

2024  sheet  (4.5$  Cu,  0.6  Mn,  1.5  Mg,  bal.  Al) 

N.ilUclson/bwm 


1V>9 


AFRPL-TR-66-13 


\ 


-  2  • 

ROUGH  DRAFT 


foil  supplied  by  the  Aluminum  Company  of 
America  in  these  purities  -  99. ^5 $  99.88, 

99.93  and  99.999< 

Specific  exposure  conditions  of  samples  of  these 
materials  are  eited  in  the  following  Dissuasion  Bastion, 

The  techniques  of  examination  included  those  of  light 
microscopy,  electron  microscopy,  electron  diffraction,  electron 
probe  microanalysis  and  x-ray  diffraction.  Where  oxide  films 
as  such  were  studied  (the  primary  intention  with  the  Alcoa 
aluminum  foil  samples),  they  were  first  isolated  from  the 
substrate  metal  by  dissolution  of  the  latter  in  a  (vol) 
solution  of  bromine  in  absolute  methanol. 

III.  Results  and  Discussion 
A.  90#  HsO a... .Storage  Drum 

ThiB  drum,  received  from  the  Memphis  Plant  of  the 
Electrochemicals  Department  of  the  Du  Pont  Company,  had  a  long, 
but  otherwise  unknown  history  of  service  as  a  container  for 
90 fo  H202.  Typical  surface  structures  of  a  section  of  the  drum 
wall  are  shown  at  250X  in  Figure  1.  The  aluminum  is  Irregularly 
roughened  by  pitting  and  "wormtrack"  corrosion  (la).  Occasional 
deeply  pitted  areas  were  found  and  were  visible  to  the  eye 
because  of  the  associated  tail  of  corrosion  product  staining  (lb). 
When  polariz*  - •  j'.ght  was  used  instead  of  the  standard  green- 
filtered  light,  the  presence  of  the  surface  oxide  of  varying 
thickness  was  discernible  (lc), 
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This  oxide  was  stripped  by  the  bromine -methanol  technique 
and  examined,  both  by  electron  microscopy  and  x-ray  diffraction. 

The  oxide  -  tried  greatly  In  thickness  and  in  continuity.  Much 
of  it  could  not  be  penetrated  by  the  electron  beam.  In  Figure  2, 
however,  are  shown  two  electron  micrographs  of  stripped  oxide. 
Figure  2a  shows  an  area  in  which  a  "thin"  oxide  has  replicated 
the  topography  of  the  underlying  aluminum.  The  intense  black 
areas  represent  piled-up  oxide,  opaque  to  the  electron  beam. 

The  dendritic  structure  of  Figure  2b  is  interpreted 

as  an  overgrowth  of  a  second  hydrated  alumina  film  over  the 

primary  oxide  film,  probably  of  a  differ ont  state  of  hydration. 

It  might  represent  the  formation  of  crystalline  bayerite  (Beta 

trihydrate)  on  bbhmite  (alpha  monohydrate),  a  sequence  of.  oxide- 

film  formation  on  aluminum  (exposed  to  water  at  room  temperature) 

described  by  Hart*. 

* 

Electron  probe  microanalysis  was  applied  to  surface 
analysis  of  this  storage  drum  in  an  attempt  to  identify  chemically 
the  nature  of  the  corrosion-staining  associated  with  pits  and  the 
composition  of  second  phase  microinclusions.  This  work  was  done 
by  N.  E.  Weston.  His  report  is  attached  as  Exhibit  A.  It  was 
established  that  the  "tail"  of  the  pit  does  not  contain  any 
unusual  concentration  of  metallic  elements  (pfcher  than  aluminum). 
Phosphorous,  tin  and  sulfur  were  found  associated  in  the  pitted 
area.  Inclusions  in  the  aluminum  were  rich  in  silicon.  The 
findings  are  discussed  in  the  Exhibit. 
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In  Table  I  are  x-ray  diffraction  data  (interplanar 
spacings)  of  the  stripped  oxide  surface.  The  patterns  are  very 
complex  and  could  not  be  Interpreted  beyond  the  conclusion  that 
they  represent  a  mixture  of  several  hydrated  forms  of  alumina. 
There  may  also  be  lines  present  due  to  silicate  eemponents. 

B.  Effects  of  Metal  Purity  on  Oxide  Film  Properties 
1.  2S  (1100)  Alloy  and  2024  Alloy 
Figure  5  Indicates  differences  in  the  ultrastructure  of 
oxide  films  stripped  from  treated  and  untreated  alloys.  ["Treated" 
here  refers  to  an  exposure  of  the  aluminum  to  90 %  H20a  for  ZL  0  hr 
at  °C»  In  the  "untreated"  state  the  2S  aluminum  had  been 

chemically  polished  for  several  minutes  in  a  100°C  solution 
consisting  of:  .  ; 

700  ml  H3PO4  (sp.gr.  "  s) 

30  ml  70#  HNOa 

,  120  ml  glacial  acetic  acid 

150  ml  Ha0  1 

The  2024  A1  was  left  with  a  mechanically  finished  surface.] 

The  oxide  stripped  from  the  chemically  polished  surface 
of  the  2S  sample  replicated  a  fine  scale  roughness  developed  by 
the  polishing  acid  solution.  Exposure  to  the  90#(H30s  converted 
this  oxide  into  a  heavier  one  of  uniform  thickness.  High  magnifi¬ 
cation  examination,  however,  revealed  this  oxide  to  be  a  porous 
ma'-tec'  layer  of  hydrated  oxide  films.  The  film  did  not  give  a 
cry  tal.Mne  diffraction  pattern. 

The  oxide  film  from  the  2024  alloy  was  initially  very 
i  Vnn  r,,  d  c  rue ture less  except  for  occasional  extracted  inclusions. 
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It  also  replicated  the  initial  mechanical  finish  of  the  surface. 

Exposure  of  the  2024  alloy  to  90#  H2O2,  however,  resulted 
in  a  much  more  rapid  and  non-uniform  buildup  of  surface  oxidation 
product  as  Figure  3  shows.  This  would  be  expected  from  a  higher 
rate  of  catalytic  decomposition  of  the  H2O2  upon  the  2024  alloy 
surface  with  its  4.5  percent  copper  content.  Thus,  any  aluminum 
alloy  surface  containing  catalytically  active  heavy  metal  atoms 
will  undergo  enhanced  oxidation  at  the  site  and  in  the  area  of 
the  foreign  atoms.  The  extent  to  which  mechanical  blanketing 
of  the  reaotive  area  by  oxide  film  formation  would  affect  the 
peroxide  decomposition  kinetics,  is  not  known  but  could  be 
determined  by  some  careful  laboratory  experiments  in  which  rate 
of  film  thickness  buildup  is  correlated  with  rate  of  hydrogen 
peroxide  decomposition  upon  an  aluminum  surface  of  known  and 
controlled 'heavy  metal  contamination. 

2-.  Oxide  Films  from  Aluminum  Single  Crystals 
a.  99.995#  A1 

A  chemically  polished  wafer  from  a  3/4  in.diam.  crystal  of 
this  purity  was  exposed  to  90#  H2O2  for  g£  hr  at  80°C.  There 
was  little  apparent  ohange  in  film  thickness.  However,  as  shown 
in  Figure  4  exposure  to  the  H202  did  produce  some  microroughening 
in  the  aluminum  surface  which  was  replicated  in  the  isolated 
surface  oxide  film.  The  stripped  oxides  show  cellular  markings 
which  are  interpreted  as  the  result  of  structural  heterogeneity 
in  the  aluminum  surface  because  of  the  residual  oast  or  dendritic 
stricture  of  the  metal. 
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b.  99.5$  A1  -  0.5$  Cr 

Oxide  films  taken  from  wafers  of  this  single  crystal 
prepared  and  exposed  similarly  to  the  99*995#  A1  sample  are  shown 
in  the  eleotron  miorographs  of  Figure  5 .  Again  there  are  background 
cellular  markings  present  which  are  believed  to  reflect  the  dendritic 
cast  structure  of  the  metal.  Exposure  to  the  90$  H20a  has  left 
a  fine  deposit  on  the  surface  which  may  correspond  to  a  chromium-contalnin 
residual  layer  developed  by  superficial  corrosion  of  the  crystal 
surface.  The  9  phase,  CrAl7,  should  be  present  in  equilibrium 
with  the  a  solid  solution  aluminum  matrix  and  may  be  present  in 
this  residue. 


It  is  not  known  to  what  extent  chromium  would  be  expected 

to  catalyze  the  decomposition  of  strong  hydrogen  peroxide.  Schumb 
o 

et  al.  state  that  "as  a  heterogeneous  catalyst  ohromlum  is  not 

particularly  active,"  but  solution  of  metallio  chromium  and 
preferential  solution  from  stainless  steel  are  stated  to  occur 
in  concentrated  hydrogen  peroxide. 


I 


3.  Surface  Changes  on  Aluminum  Foils 

Four  lots  of  aluminum  foil  were  employed  in  this  study 
in  an  attempt  first  to  determine  the  effect  of  purity  from  99.45$  Al 
to  99 . 999/o  Al  on  decomposition  rate  Of  90$  H202  at  66° C  (arbitrary 
elevated  temperature),  and  secondly,  following  test  exposure  to 
observe  what  changes  had  taken  piece  on  the  foil  surfaces. 

This  series  of  tests  consisted  of  sixteen  exposures.  Each 
lot  of  foil  was  exposed. for  periods  of  1 6  hr,  JO  hr,  135. 5  hr  and 

V 

30 j  he  in  the  66°0  90$  H202.  Each  foil  specimen  measured  7-<? 
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in  surface  area  and  was  carefully  cleaned  and  degreased  before 
immersion  in  J(ro  ml  of  90#  H20a . 

Unfortunately,  it  was  not  possible  to  secure  valid  data 
on  hydrogen  peroxide  decomposition  occurring  on  these  samples 
because,  as  stated  earlier,  the  volume  of  oxygen  evolved  on  the 
aluminum  surfaces  was  only  a  small  fraction  of  the  total  decom¬ 
position  that  occurred  in  the  teBt  flask.  However,  all  foil 
samples  were  metallographically  examined  at  the  conclusion  of  all 
test  periods.  Oxide  films  were  again  isolated  (by  bromine -methanol 
dissolution  of  scissored  pieces  of  the  foils)  and  the  films  examined 
by  -idirect  transmission  in  the  electron  microscope.  The  remaining 
figures  in  this  Section  have  beer,  chosen  to  illustrate  typical 
results  obtained  in  this  part  of  the  investigational  program. 

a.'  Comparison  of  Isolated  Oxide  Films 

It  was  difficult  to  find  decisive  differences  between 
electron  micrographs  representing  the  aluminum  oxide  isolated 
from  the  20  metal  samples  (including  the  as-received,  control 
samples).  It  was  evident  that  all  films  were  much  thinner  and 
more  uniform  than  those  examined  earlier  from  2S  aluminum  exposed 
at  8o°C.  Tne  lower  temperature,  66°C,  .and  the  higher  purities 
undoubtedly  controlled  the  kinetics  of  surface  oxidation  and 
fi  im  thickness  growth.  The  oxide  films  were  not  appreciably 
avier  from  the  samples  which  had  303  hr  of  contact  with  the 
II2O2  than  films  isolated  from  the  control  specimens.  There  did, 
however,  appear  to  be  a  general  mlcropock-marking  present  in  the 
JOp  hr  surfaces  that  was  not  present  Initially  in  the  control 
surfaces.  AI30  small •  areas  of  dark  nebulosity  probably  correspond 
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to  sites  of  superficial  corrosion  with  corrosion  product  "buildup. 
These  features  can  be  seen  in  the  electron  micrographs  at 
84,000X  in  Figure  6.  Even  at  this  magnification  the  topographical 
detail  is  very  small.  (This  may  be  Better  appreciated  with  the 
realization  that  1  inch  square  on  the  micrographs  is  in  actuality 
a  square  of  oxide/ 12  millionths  of  an  inch  on  an  edge . ) 

The  considerably  higher  purity  of  the  99-999  aluminum 
did  not  result  in  a  proportionate  improvement  in  homogeneity  of 
the  oxide  film  formed  on  exposure  to  the  90#  H2O2.  In  comparing 
the  303  hr  sample s,  the  99-9%  A1  appeared  to  have  the  thinnest, 
•most  inherently  structureless  oxide.  The  99-999 #  A1  oxide  was  not 
unique  but  similar  to  those  isolated  fr&m  the  99*4-5  and  99*88#  A1 
samples.  In  all  cases  electron  diffraction  patterns  showed  only 
the  broad,  diffuse  bands  typical  of  an  amorphous  material. 

v 

b.  Surface  Topography  and  Corrosion 

Metallographlc  observations  were  made  on  all  foil  samples 
following  their  periods  of  exposure  to  90#  H2O2.  On  the  basis  of 
this  low  magnification  examination ' (supplemented,  however,  with 
selected  surface  replicas  for  election  microscopic  study)  the 
99-45  alloy  was  judged  to  have  suffered  most  surface  damage  in  the 
form  of  superficial  staining,  pitting  and  "wormtrack"  corrosion. 

Again  the  99-93  aluminum  foil  was  found  to  have  changed 
least  from  the  control  sample  of  the  same  purity  but  to  have  some 
micropits  and  one  large  pit  around  which  a  heavy  layer  of  crazed 
corrosion  product  had  deposited. 
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The  99.88  alloy  was  stained  and  contained  areas  of 
micropit ting. 

The  99*999  pure  aluminum  showed  many  initial  surface 
defects,  mechanically  induced,  which  appeared  to  he  areas 
susceptible  to  later  corrosion  attack  in  the  9C#  Ha0a.  The 
sample  also  showed  after  303  hr  of  exposure  what  were  interpreted 
to  be  crazing  cracks  in  oxide  corrosion  product  precipitated 
around  several  sites  of  localized  corrosion. 

In  all  foil  samples  it  was  evident  that  scratches  and 
mechanical  damage  to  the  aluminum  surface  acted  as  preferential 
sites  for  pitting  attack. 

In  Figure  7  are  shown  the  control  specimen,  the  70  hr 
and  303  hr  specimens  of  the  99.45  aluminum.  Figures  7b,  7d  and 
7f  are  carbon  replicas  (these  and  others  shown  in  Figures  9  and 
10  were  produced  by  direct  carbon  deposition  and  stripping  in 
bromine-methanol). 

Figure  8  compares  photomicrographs  of  the  starting 
surface  and  the  303  hr  surface  of  the  99.88  aluminum  foil. 

Figure  9  includes  a  photomicrograph  of  the  one  area  in 
which  crazing  cracks  were  found  In  the  oxidized  surface  of  the  99.93 
aluminum  foil.  A  unique-  pit  exhibiting  noncublc  surfaces  was  found 
in  replicas  of  the  135-5  hr  sample’. 
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The  surfaces  of  the  99.999  aluminum  samples  received  the 
most  careful  scrutiny  primarily  because  of  the  initial  expectation 
•that  this  metal,  because  of  its  purity,  might  show  least  surface 

i 

changes  of  the  four  under  study.  The  micrographs  illustrating  its 
surface  structure  show  the  starting  conditions  and  defects 
mentioned  above  (10a,  10b).  Blotchy  areas  of  corrosion  and 
pitting  were  observed  in  the  135*5  hr  sample  (10c,  lOd). 

After  303  hr  a  few  areas  of  crazing  in  the  corrosion 
product  film  were  noted  (lOe)  and  "wormtrack"  pitting  of  the  type 
appearing  in  Figure  lOf  was  found. 

IV.  Summary 

Under  the  test  conditions  employed  in  this  study  it  was 
not  established  that  99-999  percent  aluminum  haB  better  resistance 
to  90#  H20a  than  aluminum  of  99.93  percent  purity.  Factors  which 
enter  into  such  an  evaluation,  however,  are  difficult  to  control. 

The  degree  of  segregation  of  impurities  can  well  determine  the 
incidence  of  pitting  and  localized  oorrosion  in  different  metal  lots  of 
the  same  analyzed  level  of  purity.  Mechanical  damage  In  treating 
and  handling  and  slight  differences  in  chloride  ion  content  and 
contamination  of  the  exposure  or  contacting  environment  may  produce 
surface  changes  and  localised  attack  microscopically  discernible. 

Over  long  term  contact  with  high  strength  H202  these  effects  would 
become  much  more  apparent.  (It  must  be  emphasized  that  with  the 
exception  of  the  2024  alloy  specimen  to  the  eye  none  of  the  aluminum 
tost  specimens  in  the  present  study  appeared  visibly  changed.) 


-  11  - 
ROUGH  DRAFT 


AFRPL-TR-66-13 


To  determine  if  the  surface  changes  described  above  are 
accompanied  by  or  caused  by  differences  in  catalytic  decomposition 
activity  of  the  aluminum  surfaces,  it  now  appears  that  the  90#  HaOa 
should  contact  only  the  aluminum  under  test  in  each  case.  This 
would  requite  a  special  type  of  cup- type  specimen  or*  perhaps  a 
test  vessel  entirely  fabricated  out  of  the  aluminum  to  be  evaluated. 
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Interplanar  Spaclngs  of  Oxide  from  Aluminum  Storage  Drum 


Co  (a)  Radiation 
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(b)  CORROSION  PIT  AND 
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(c)  POLARIZED  LIGHT  SHOWS 
SURFACE  OXIDE 

FIG.  1  -  ALUMINUM  STORAGE  DRUM  SURFACES 
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FIG.  6 -OXIDE  FILM  FROM  ALUMINUM  FOIL 
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FIG.  6 -OXIDE  FILM  FROM  ALUMINUM  FOIL 
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FIG.  7-  SURFACE  STRUCTURE  OF  99.45  AL  FOIL 
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FIG.  10- SURFACE  STRUCTURE  OF  99.999  Al  FOIL 
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-  ELECTRON  PROBE  MICROANALYSIS  OP  CORROSION  PITS  IN  ALUMINUM 
DRUMS  FOR  H202  STORAGE  -  A/.  & 


Sample 


The  sample  was  taken  from  the  bottom  of  a  2S  aluminum  drum  used  to 
store  9056  H_02.  The  surface  in  contact  with  the  H202  showed 
occasional  large  pits.  We  were  asked  to  examine,  with  the  electron 
microprobe,  the  pitted  areas  for  concentrations  of  elements  other 
than  Al.  In  particular,  we  were  requested  to  examine  the  dark 
stains  which  tail  out  from  the  pits  (see,  for  example.  Fig.  1).  In 
addition  to  examining  the  win  situ'*  pits,  we  also  examined  a  polished 
section  for  the  presence  of  second  phases.  The  sample  description 

is  recorded  in  ERD  Data  Book  3976. 

\ 

Results 

* 

"In  Situ”  Pit 


We  were  able  to  detect  only  Si,  Sn,  P,  Fe,  S,  and  Al  in  the  region 
of  a  pit  shown  in  Fig.  1.  Figures  2  and  3  show  that  P,  Sn,  and  S 
are  associated  together  in  the  pit.  The  P  and  Sn  compounds  are 
presumably  due  to  reaction  of  aluminum  ions  with  the  stabilizers 
normally  added  to  H202.  The  Fe  shows  a  very  fine  dispersion  and 
Is  not  apparently  uniquely  associated  with  a  pit.  The  Si  is 
associated  with  small  cathodoluminescent  (see  Fig.  4)  inclusions. 

The  pit  has  a  cluster  of  these  inclusions.  Although  the  "tail”  is 
less  cathodoluminescent  than  the  surrounding  oxide  cost  on  the 
aluminum,  only  Al  is  associated  with  it.  We  think  that  the  ”tail" 
is  a  hydrous  aluminum  oxide  resulting  from  electrochemical  corrosion 
of  aluminum  at  the  pit  site. 


Polished  Section  ; 

Optical  examination  of  a  polished  section  of  aluminum  showed  tiny 
inclusions  (see  Figs.  5,  7).  These  inclusions  tended  to  be  clustered,  f 
but  the  clusters  were  microscopically  rare.  Phenomenologically,  the  j 

quantity  of  clusters  per  unit  area  Is  of  the  same  order  of  magnitude  ‘ 

as  the  number  of  pits  in  the  previous  sample.  Electron  probe 
examination  of  the  inclusions  shows  they  are  rich  in  Si  ^Fig.  6). 

It  is  vrell  known  that  pitting  corrosion  in  aluminvim  occurs  most  j 

frequently  by  electrochemical  attack  at  second  phase  sites. 


(Sample  surface  unpolished) 
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Photomicrograph  of  Polished  Section  of  Aluminum  - 
Location  Shewing  Numerous  Si  Rich  Inclusions  (200X) 


